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Abbreviation     Definitition 
 
A     area 
AB     acid-base 
CECP    cake enhanced concentration 
polarisation 
CP     concentration polarization 
DCPI     double casting phase inversion 
DLS     dynamic light scattering 
DLVO     Derjaguin-Landau-Verwey-Overbeek 
theory 
EDCs     endocrine disrupting compounds 
EDL     electrical double layer 
EM     electrophoretic mobility 
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FO     forward osmosis 
FTIR     fourier transform infrared 
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       particle density 
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      electrolyte conductivity 
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      surface tension 
        apolar components of surface tension 
        polar components of surface tension 
  ,    electron donor and electron acceptor of 
surface tension 
 
 
 
Nomenclature      Definition 
 
       solute permeability constant 
      concentration polarisation factor 
   or       concentration in the bulk or feed solution 
       concentration in the membrane 
       concentration in the permeate 
       diffusion coefficient 
       solute flux 
   or      water flux 
        water permeability constant 
       mass deposited 
       cake resistance 
       membrane resistance 
       observed rejection 
Sc      Schmidt number 
      feed flow rate 
       concentration gradient 
       electrical potential 
       applied pressure 
       temperature gradient 
       measured streaming potential 
        membrane thickness 
        osmotic pressure 
        Sherwood number 
        hydrodynamic diameter 
       particle diameter or size 
       molar volume 
       gas constant 
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CHAPTER 1:  
INTRODUCTION 
 
1.1 Occurrence of trace organic compounds in water sources 
Over the past few years, several trace organic compounds (trace organics) 
such as pharmaceuticals (pharmaceutically active compounds (PhACs) and 
their derivatives), hormones, personal care products, plasticizers, flame 
retardants and fuel additives have been detected in source waters all over the 
world, including South African rivers and ground waters (Heijman et al., 2007; 
Kummerer, 2010; ter Laak et al., 2010). As a result, for example, estrone, 17 β-
estradiol, bisphenol-A, phthalates, atrazine, simazine, iopamidol and 
amidotrizoic acid were even found in drinking water in the Netherlands, Belgium 
and several countries of the European Union (EU) at high concentrations 
(Verliefde et al., 2008).  In Germany, tap water was found to contain significant 
concentrations of several PhACs in the ng/l range (Heberer, 2002; Ternes, 
1998). In the mid-1970s trace organics were detected for the first time in 
sewage treatment plant effluents in the United States of America (USA) (Hignite 
and Azarnoff, 1977). From this observation of the presence of trace organics in 
water, researchers have warned about the potential effects of endocrine-
disrupting compounds (EDCs) which put wildlife at risk. Endocrine-disrupting 
compounds (EDCs) act like hormones and in minute quantities, they control the 
growth, metabolism and reproductive functions of animals. Bisphenol-A and 
phthalates are examples of EDCs used in the production of plastics. These 
substances may therefore be found in huge amounts in plastic toys, floor 
coverings and raincoats. These stable compounds can be persistent in water for 
a significant number of years before breaking down. The presence of these 
substances may lead to unwanted effects in aquatic systems, regardless of their 
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concentrations (Daughton, 1999; Fent et al., 2006). A study focusing on 
screening for the presence of EDCs on selected sites was done in South Africa. 
The sites included dam and river systems within the Rietvlei Nature Reserve, 
the Eerste River, the Vaal River Barrage and the Hartbeespoort Dam. The 
presence of EDCs was confirmed and wildlife in the nature reserve (eland in 
particular) was affected. Testicular lesions were observed in wild eland and it 
was suggested that the abnormalities were associated with the high body 
burden of nonylphenol (Bornman et al., 2010). Nonylphenol is a by-product of 
nonylphenol ethoxylate which is used as an ingredient in many pesticides, but 
also in leather and textile processing and cleaning operations.  
The increase in production and consumption rate of trace organics (like 
pharmaceuticals) may explain their existence in aquatic environments at 
elevated concentrations. Most pharmaceuticals have been created and 
manufactured for medical application purposes. Human pharmaceuticals have a 
diverse array of chemical structures and properties and their bioactivities make 
them suitable candidates for treating various diseases. Pesticides are 
excessively used in agricultural activities. Due to improper disposal, trace 
organics may end up having negative impacts on non-target organisms (van der 
Ven et al., 2006) and cause unexpected physiological consequences.  
Trace organic compounds enter the environment through discharge of 
wastewater effluent and disposal of unwanted or expired products and landfill 
leachate (Nghiem et al., 2006; Ternes, 1998). The concern about the emerging 
trace organics is that their health effects on humans when ingested are not fully 
understood. The evidence of negative effects in wildlife (such as those 
observed in eland in South Africa) already raises fear of similar consequences 
in humans. It is therefore important to remove these contaminants before 
treated tap water is supplied to the consumer.  
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The occurrence of trace organics in drinking water has thus led to significant 
research regarding improved methods that can possibly remove these 
pollutants from water sources (Verliefde et al., 2008). Several methods (such as 
high pressure membrane filtration) have been investigated to remove trace 
organics.  Nanofiltration (NF) and reverse osmosis (RO) membranes are 
increasingly being used in the water–treatment industry due to elevated 
demands for high purity drinking water from contaminated sources (Drewes et 
al., 2003). These types of membranes are interesting techniques for the 
removal of trace organics (Van der Bruggen and Vandecasteele, 2002). 
1.2 Membrane filtration technologies for water treatment 
High-pressure membrane filtration – especially nanofiltration (NF) and reverse 
osmosis (RO) – has been reported by several authors as one of the most 
promising methods for the removal of organics from polluted water (Nghiem et 
al., 2006; Nghiem et al., 2002; Verliefde et al., 2007).
 
Membrane filtration can be 
defined as a separation technique where the membrane is used as selective 
barrier for the passage of fluids (gases or liquids) and/or solutes. In water 
treatment, the feed stream (containing unwanted contaminants that need to be 
removed) is separated into permeate (clean water stream) and concentrate 
(concentrated water stream with rejected pollutants) (see Fig. 1.1). The driving 
force through the membrane is a result of the differences in (electro-) chemical 
potentials between the feed and permeate sides of the membrane. This could 
be due to a difference in applied pressure (∆P), electrical potential (  ), 
temperature (  ) or concentration gradient (  ). 
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Figure 1.1: Nanofiltration/ reverse osmosis  
Membrane filtration technology is used in a wide range of applications, such as 
in food and beverages, metallurgy, pulp and paper, textile, pharmaceutical, 
dairy, biotechnology and chemical industries. In water treatment processes, 
pressure-driven membranes such as microfiltration (MF), ultrafiltration (UF), 
nanofiltration (NF) and reverse osmosis (RO) membranes are commonly used 
(Díaz-Cruz et al., 2003). For the purpose of this thesis, only NF and RO 
membranes will be reviewed in the class of pressure-driven membranes. 
Nanofiltration (NF) and reverse osmosis (RO) are key processes widely used 
for the removal of ions and organics from contaminated feed water in process 
water, drinking water and wastewater treatment (Van der Bruggen and 
Vandecasteele, 2002). These membranes have similarities in their basic 
principle of separation (Verliefde et al., 2009; Xu et al., 2006). 
1.3 Rejection of trace organic compounds (TOrCs) by NF/RO 
membranes 
Depending on the chemical properties of the feed and membrane surface, the 
membrane will allow passage of some solutes and will retain others. This 
preferential passage of solutes while restricting others is termed rejection. The 
rejection of solutes is calculated based on Equation (1.1).  
       
  
  
         (1.1) 
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where    and    are solute concentrations in the permeate and feed side of the 
membrane, respectively. Equation 1.1 has not been corrected for concentration 
polarisation (CP) effects. For virgin membranes, concentration polarisation 
effects are less significant. 
The rejection of trace organics by NF membranes can be viewed as a complex 
process involving membrane and solute parameters. Solute parameters that 
have been shown to influence rejection include molecular weight, molecular 
width, hydrophobicity, dipole moment, pKa and ionic strength. Membrane 
fabrication properties include molecular weight cut-off (MWCO), membrane 
pore size, porosity, pore density and membrane charge and hydrophobicity. 
Most of these parameters and their effects on the rejection of trace organics by 
membranes have been investigated and reported in the literature. For example, 
hydrophobicity has been predicted by Verliefde et al. (2006) as an important 
parameter that describes rejection in nanofiltration (Verliefde et al., 2006). 
Solutes with high dipole moments are believed to be aligned in the direction of 
membrane pores due to electrostatic interactions with the membrane charge 
(Kiso et al., 2001).
 
This causes solutes to permeate more easily, hence solute 
rejection is minimal.  
Retention of solutes by NF/RO membranes depends in a complex fashion on 
solute-membrane interactions. These interactions will have an impact on the 
transport mechanism of solutes across the membrane, as well as their rejection 
by the membrane. Solute transport across the membrane follows a two-step 
process (Verliefde et al., 2007). Firstly, the solute partitions into the membrane. 
Secondly, it migrates across the membrane by diffusion or convection. Due to 
the differences in the homogeneity of membranes in terms of pore size 
distribution for NF membranes, the transport of solutes through membranes 
varies (Verliefde et al., 2007). 
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The rejection of trace organic compounds (such as pharmaceuticals, hormones, 
pesticides and industrial chemicals) by nanofiltration membranes has been 
reported in literature. From several studies on the rejection of trace organics by 
NF/RO (Bellona et al., 2004; Van der Bruggen and Vandecasteele, 2002; 
Bruggen et al., 2006; Drewes et al., 2003; Heijman et al., 2007; Kiso et al., 
2000, 2001; Nghiem et al., 2005; Nghiem et al., 2002; Nghiem et al., 2004; 
Plakas and Karabelas, 2012; Schäfer et al., 2003; Shan et al., 2009; Verliefde 
et al., 2008; Xu et al., 2006), the following membrane-solute interactions 
influencing rejection have been identified: steric hindrance (sieving effect), 
Donnan (charge) interactions and non-electrostatic membrane-solute affinity 
interactions. These non-electrostatic membrane-solute affinity interactions 
include hydrophobic attraction, hydrogen bonding and dielectric effects 
(Verliefde et al., 2008). 
Generally, a combination of rejection mechanisms is possible for the removal of 
a single compound (Bruggen et al., 2006). This makes it difficult to fully 
understand the dominant mechanism, leading to misinterpretation of observed 
results. 
1.3.1 Role of sieving effects on trace organic (TOrC) rejection 
Based on steric hindrance, organic solutes which are larger than the average 
membrane pore size (i.e. molecular weight cut-off) are typically well rejected 
(Agenson and Urase, 2007; Van Der Bruggen et al., 1999; Kiso et al., 2000, 
2001; Nghiem et al., 2002, 2004; Schäfer et al., 2003). The molecular weight 
cut-off is normally defined as the molecular weight (MW) of the smallest solute 
that is rejected at 90% and above (Bruggen et al., 1999). Generally, the higher 
the molecular mass of the solute, the larger the molecule. Solutes with 
molecular weight higher than the molecular weight cut-off have more or less 
similar rejection values. Therefore, when rejection is plotted as a function of 
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solute molecular weight, the rejection curve follows a typical sigmoid or S-
shaped curve (Verliefde et al., 2008). The rejection of trace organics is however 
not entirely a function of solute molecular weight, but is more closely related to 
solute radius and molecular structure with respect to the membrane pore size 
(Berg et al., 1997; Yoon and Lueptow, 2005). Of course it is debatable whether 
NF/RO membranes do have actual physical pores, and “average pore size” can 
also be seen as referring to the voids occurring due to molecular vibration of the 
polymer chains. The real (hydrated) size of the solutes is dependent on both 
solute shape and molecular weight. Therefore, the molecular weight cut-off only 
provides a rough estimate of the sieving effect.  
1.3.2 Role of electrostatic interactions on trace organic (TOrC) rejection 
With regards to electrostatic interactions, it has been shown that charged 
organics with a charge similar to the membrane surface charge are mostly 
highly rejected compared to uncharged organics of similar size (Berg et al., 
1997; Kimura et al., 2003); whereas the opposite occurs for charged organics 
with a charge opposite to that of the membrane surface. As an example, since 
most NF/RO membranes are negatively charged (mainly due to presence of 
carboxylic acid functionalities), negatively charged organics are typically highly 
rejected whereas positively charged organics are attracted towards the 
membrane surface via electrostatic interactions, as a cause of which they 
increase in concentration close to the membrane surface and therefore 
demonstrate lower rejection – this concept has been dubbed “charge 
concentration polarisation” (Verliefde et al., 2007). 
Measurements of zeta potentials (from streaming potential measurements) 
have been used to approximate the surface charge properties of membranes. 
The zeta potentials are dependent on solution pH, because the dissociation of 
membrane functional groups is a function of pH (Xu and Lebrun, 1999). With 
increasing solution pH, most membranes become more negatively charged due 
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to deprotonation of functional groups (Bellona and Drewes, 2005). The 
membrane zeta potential is also influenced by the presence of monovalent and 
divalent cations such as Na
+
, K
+
, Mg
2+
 and Ca
2+
. These cations, when present 
in the feed water, have been found to reduce the membrane zeta potential due 
to specific adsorption (Shim et al., 2002), which can lead to a change in the 
rejection behaviour of charged trace organics (Yoon and Lueptow, 2005). 
1.3.3 Role of non-electrostatic membrane-solute interactions on trace 
organic (TOrC) rejection 
In addition to size exclusion and charge interactions, rejection of small-size 
organics is also influenced by non-electrostatic affinity interactions between the 
membrane and the solute of interest (Braeken et al., 2005; Fang and Chian, 
1976; Schäfer et al., 2002; Verliefde et al., 2006). Trace organic solutes tend to 
partition into the membrane matrix more easily when they have high affinity for 
the membrane material. Solute partitioning may be through formation of 
hydrogen bonds, polar or hydrophobic interactions. The solutes are then easily 
transported to the permeate side of the membrane by diffusion (and in the case 
of larger pore membranes also convection), leading to lower rejections. The 
influence of non-electrostatic affinity interactions on trace organic rejection is 
most often observed for hydrophobic organics (Verliefde et al.,  2013), which 
tend to partition into NF/RO membranes easily because most NF/RO 
membranes are synthesised from relatively hydrophobic polymers (Braeken et 
al., 2005). Adsorption of hydrophobic compounds onto the membrane surface 
may lead to an overestimation of solute rejection by the membrane. 
Overestimation of rejection due to adsorption of hydrophobic compounds is a 
temporal removal mechanism (Bellona and Drewes, 2005; Kimura et al., 2003; 
Yangali-Quintanilla et al., 2009). Once the membrane becomes saturated with 
the compound, rejection typically declines. The affinity of hydrophilic organics 
for hydrophobic polymers is typically lower. In addition, hydrophilic organics are 
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often more hydrated, as a result of which their effective molecular size 
increases. As a result of both phenomena, hydrophilic organics are typically 
better rejected by NF/RO membranes compared to hydrophobic organics (if 
rejection is not biased by temporary adsorption effects) (Verliefde et al., 2006). 
This has led to many researchers confusing non-electrostatic affinity with 
hydrophobic attraction, whereas the former includes many more interactions. 
Partitioning coefficient (which relates solute concentration in the membrane and 
the bulk) is therefore the most important parameter determining trace organic 
rejection. The partitioning coefficient is dependent on solute radius relative to 
membrane pore radius. Molecular weight and molecular weight cut-off are crude 
descriptors of solute radius and membrane pore size, respectively. The 
partitioning coefficient is also dependent on the solute affinity for the membrane 
surface (Verliefde et al., 2013). For example, the concentration of trace organics 
which are smaller than the membrane molecular weight cut-off and have a high 
affinity for the membrane, will be higher in the membrane than in the feed. 
However, when trace organics are larger than the molecular weight cut-off and 
have less affinity for the membrane, their concentration in the membrane will be 
lower than in the bulk. Solute affinity for the membrane surface can be 
quantified as the interfacial free energy of interaction between the membrane 
(m) and the solute (s) in the water (w) phase (expressed as      ). Interfacial 
free energies of interactions are attractive if       is negative and repulsive if 
      is positive.       comprises of van der Waals interactions, H-bonding, 
dielectric effects and hydrophobic attractions. The transfer of trace organics to 
the membrane is facilitated when solute-membrane interactions are attractive. 
This results in lower rejection than would be expected based on steric 
hindrance. Repulsive membrane-solute interactions lead to higher rejection than 
would be expected based on size exclusion effects.  
      can be calculated from surface tension components of the different 
materials (membrane, solute and water), derived from measured contact angles 
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based on the surface tension approach (Jin et al., 2009; Kim and Hoek, 2007) 
(see section 2.1.2.4). Details on calculation of surface tension components as 
well as interaction energies will be discussed in Chapter 2.It is therefore 
apparent that       is more important in determining trace organic rejection 
than just hydrophobic membrane-solute interactions. 
The application of NF/RO membranes in water filtration is challenged by fouling. 
Organic, colloidal and combined fouling are caused by the accumulation of 
rejected substances on the membrane surface to form a layer that changes the 
morphology and physico-chemical properties of the membrane surface, 
resulting in a significant change in membrane performance in terms of water 
flux, but also in solute rejection (Heijman et al., 2007; Ng and Elimelech, 2004; 
Lee, 2006; Verliefde et al., 2009; Xu and Drewes, 2006; Yangali-Quintanilla et 
al., 2009). Currently, the rejection behaviour of organics by fouled membranes 
remains unclear and hard to predict. The following sections give an overview of 
the state-of-the-art in this area. 
1.4 Membrane fouling 
Fouling of NF/RO membranes may be defined as deposition and accumulation 
of suspended and/or dissolved organic and inorganic substances on the 
membrane surface. Fouling can result in formation of a cake layer with hydraulic 
resistance; formation of a cake layer with low hydraulic resistance but significant 
cake enhanced concentration polarisation (CECP) effects; formation of a cake 
that clogs membrane pores (not likely for NF/RO membranes) or a combination 
of various effects. This occurs when back-diffusion of the rejected bulk 
molecules (often referred to as foulants) from the membrane surface to the feed 
is hindered or overcome by convective transportation to the membrane surface. 
Foulants may occur naturally or they may end up in the feed water through 
improper waste disposal. Potential membrane foulants include silica colloids, 
latex, sodium alginate, colloidal aluminium oxide, humic acid, bovine serum 
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albumin, fatty acids, surfactants, natural organic matter (NOM) and cellulose, 
among others (Ang and Elimelech, 2007; Jin et al., 2009; Kilduff et al., 2004; Mo 
et al., 2008).  
1.4.1 Factors influencing membrane fouling 
Membrane fouling is dependent on the coupled influence of membrane-foulant 
interactions (both physical and chemical interactions) which are controlled by 
membrane and foulant properties, feed water composition and chemistry and 
operating (or hydrodynamic) conditions. Various factors influencing membrane 
fouling are discussed in the next sections. 
1.4.1.1 Foulant physical and chemical properties 
Foulant properties such as size, charge (zeta potential) and concentration play 
a role in fouling of NF/RO membranes. Smaller foulants have a higher tendency 
to cause fouling as they are easily transported to the membrane surface by 
convection and diffusion (Boussu et al., 2007; Zhu et al., 1995). Foulant zeta 
potential influences fouling in a way that foulant-membrane interactions are 
charge dependent. This has been shown by Boussu et al. (2007) who 
investigated fouling of negatively charged membranes with colloids of similar 
size but different surface charges (negatively charged Ludox HS-30 and VP 
Disp. W7520 and positive charged Ludox CL and Aerodisp W630) (Boussu et 
al., 2007). The membranes were fouled more by positive colloids while less flux 
decline was measured for fouling with negative colloids due to membrane-
foulant electrostatic repulsion. Membrane fouling may also be related to foulant 
concentration. This is because foulant concentration will determine the 
probability of the foulant interacting with the membrane surface to foul the 
membrane. Therefore, membranes foul more with increase in foulant 
concentration. 
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1.4.1.2 Membrane properties 
Besides the foulant properties, also membrane properties such as membrane 
roughness, membrane hydrophobicity and membrane surface charge (zeta 
potential) play a role in membrane fouling. Elimelech et al. (1997) showed that 
membranes with rough surfaces foul more than membranes with smooth 
surfaces due to enhanced attachment of the foulants on the membrane surface 
(Elimelech et al., 1997). The authors studied colloidal fouling of thin film 
composite membranes (with rough surfaces) and cellulose acetate membranes 
(with smooth surfaces). Their findings were in accordance with literature reports 
(Boussu et al., 2007; Xu and Drewes, 2006; Zhu and Elimelech, 1997). A study 
was carried out by Boussu et al. (2007) to investigate the role of various factors 
on fouling of five different membranes (with varying physical and chemical 
properties) (Boussu et al., 2007). Relating fouling to membrane hydrophobicity, 
it was found that hydrophobic membranes (NTR7450, N30F and NFPES10) 
suffered more flux decline while hydrophilic Desal51HL and Desal5DL suffered 
less flux decline. According to literature reports, membranes are fouled less by 
foulants having similar charge to that of the membrane. This has been attributed 
to electrostatic membrane-foulant repulsions (Boussu et al., 2007). 
1.4.1.3 Feed water chemistry 
Feed solution chemistry such as ionic strength, presence of divalent cations and 
solution pH influence membrane fouling behaviour (Cho et al., 2000; Hong and 
Elimelech, 1997; Jucker and Clark, 1994). A study by Hong and Elimelech 
(1997) based on fouling of NF membranes with humic acid showed that fouling 
increased with ionic strength of the feed solution due to reduction in 
electrostatic repulsions between membranes and foulants (Hong and Elimelech, 
1997). At higher ionic strength, membranes and foulants are neutralised due to 
charge screening and double layer compression (Hong and Elimelech, 1997).  
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The influence of solution pH on membrane fouling is similar to that of ionic 
strenth. Membranes and foulants are neutralised at low pH due to protonation of 
functional groups such as carboxylic groups (Hong and Elimelech, 1997). This 
reduces electrostatic membrane-foulant repulsions thereby increasing fouling. 
At high pH the opposite effect is observed due to deprotonation of membrane 
and foulant functional groups (leading to increase in surface charge for both 
membranes and foulants. This results in overall decrease in fouling due to 
prevailance of electrostatic membrane-foulant repulsions.   
The effects of divalent cations such as calcium (Ca
2+
) on membrane fouling 
propensity have been extensively investigated. Several observations have been 
made. Some studies have reported on aggravated fouling in the presence of 
Ca
2+
 (van den Brink et al., 2009; Cornelissen et al., 2006; Lee et al., 2005; Li 
and Elimelech, 2003). The increased fouling was believed to be due to 
preferential binding of Ca
2+
 on the carboxylic functional groups of foulants. This 
phenomenon is called organic-calcium complexation or ‘cake layer gelation’ 
(Arkhangelsky et al., 2012). Organic-calcium complexation is believed to result 
in the formation of well-organised dense cake layers (resembling an egg-box) 
with increased hydraulic resistance to water flow (Grant et al., 1973).  
In contrast, other studies have also shown that the addition of Ca
2+
 improves 
permeate flux upon fouling (Harwot and van de Ven, 1997; Listiarini et al., 
2009a; Listiarini et al., 2009b; van de Ven et al., 2008). Listiarini et al. (2009a) 
proposed that complexation of alginate results in the formation of larger 
alginate-Ca
2+
 flocs which give rise to a lower cake resistance via the Carman-
Kozeny equation (Equation 1.2) (Listiarini et al., 2009a). 
    
         
    
   
                     (1.2) 
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where Rc  is the hydraulic resistance of the fouling cake,    is deposit layer 
thickness,    is cake porosity,    is particle dencity and    is particle diameter. 
1.4.1.4 Hydrodynamic conditions 
Hydrodynamic conditions such as temperature, applied pressure and cross-flow 
velocity also influence membrane fouling. Mohammadi et al. (2002) investigated 
these hydrodynamic conditions on fouling of RO membranes (FilmTech 
polyamide FT30) (Mohammadi et al., 2002). It was found that fouling increased 
with temperature. With increase in temperature, the diffusion coefficient ( ) and 
solution viscosity ( ) increases. This reduces the Schmidt number (   ) via: 
    
 
 
        (1.3) 
A decrease in     results in increase in concentration polarisation effects and 
fouling. Increasing applied pressure and cross-flow velocity increases fouling 
due to cake compression. 
The type of fouling is normally derived from the class of the foulant. Generally, 
membrane filtration suffers from four types of fouling namely, organic fouling, 
inorganic fouling (scaling), colloidal fouling and biological fouling. Generally, 
polluted water contains a cocktail of foulants resulting in concurrent membrane 
fouling by the different foulant. This is often termed combined fouling. In section 
1.4.2, the different fouling types will be discussed. 
1.4.2 Membrane fouling types 
1.4.2.1 Organic fouling 
Organic foulants (in the form of natural organic matter (NOM) and 
polysaccharides) are ubiquitous in source waters.  Several authors have 
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reported fouling of NF/RO membranes by organic foulants (Ang and Elimelech, 
2007; Ang et al., 2011; Kim and Hoek, 2007; Lee et al., 2005; Seidel and 
Elimelech, 2002; Vogel et al., 2010). In most cases sodium alginate has been 
used as a model polysaccharide and a typical model compound to mimic 
extracellular polymeric substances (EPS) excreted by biofilms (Ang et al., 2011; 
Kim and Hoek, 2007; Lee et al., 2005). Alginate is an extracellular polymeric 
substance and therefore a good representative of polysaccharides. In addition 
to sodium alginate, natural organic matter (NOM) isolated from specific water 
types (e.g., Suwannee River natural organic matter) and humic acid have also 
been used to represent organics in feed water that may potentially foul 
membranes (Seidel and Elimelech, 2002; Vogel et al., 2010). Flux decline in 
organic fouling has been attributed to an increase in hydraulic resistance 
imparted by the fouling layer. The decrease in flux has also been ascribed to 
hindered back-diffusion of salts from the membrane surface by the fouling layer. 
This concept is called cake enhanced concentration polarisation. Basically 
elevated salt concentration on the membrane surface increases concentration 
gradient across the membrane interface. This leads to decrease in driving force 
and therefore a decrease in flux. Chong et al. (2007) used a sodium chloride 
tracer response technique to investigate cake enhanced concentration 
polarisation effects in fouling of reverse osmosis membranes (FilmTec, model 
BW30) by sodium alginate. The authors found that the decrease in flux was due 
to a dramatic increase in concentration polarisation due to hindered back 
diffusion of salts (Chong et al., 2007).  
Organic fouling is greatly influenced by the presence of divalent cations (such 
as calcium and magnesium) while monovalent cations have no significant effect 
(Drageta et al., 1998). Some authors have reported a higher degree of flux 
decline when fouling happens in the presence of Ca
2+
 due to formation of 
calcium bridges between the membrane surface and alginate molecules 
through binding on carboxylic groups of the membrane and that of alginate (van 
den Brink et al., 2009; Cornelissen et al., 2006; Hong and Elimelech, 1997; Mo 
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et al., 2011; Li, 2004; Lee, 2006). In addition, alginate can form a well organised 
structure in the presence of calcium ions due to the preferential binding of Ca
2+
 
on the carboxylic functional groups of the alginate to form an “egg-box” 
structure. This results in a tight layer that significantly decreases permeate flux 
(Grant et al., 1973). There are however also other studies that have observed 
less fouling when Ca
2+
 is present (Harwot and van de Ven, 1997; Listiarini et al., 
2009a; Listiarini et al., 2009b; van de Ven et al., 2008). In those studies, this 
has been attributed to formation of larger alginate aggregates when Ca
2+
 is 
present, leading to a lower cake resistance (a more permeable gel layer) and 
hence less flux decline compared to fouling when only alginate is present 
(Listiarini et al., 2009a; Listiarini et al., 2009b).  
Organic fouling is also controlled by specific membrane-foulant interactions. 
Literature reports have shown that the thermodynamic surface tension 
approach gives a better prediction of particle aggregation and membrane 
fouling (Brant and Childress, 2002; Wu and Nancollas, 1999). Jin et al. (2009) 
quantified membrane-foulant affinity interactions and related them to membrane 
fouling by sodium alginate (Jin et al., 2009). The authors found that fouling 
behaviour was mainly controlled by Lewis acid-base interfacial energies which 
account for short range interactions between two solid materials in a liquid 
interface. Initial membrane fouling rate increased with increasing foulant affinity 
for the membrane surface while later fouling rate related well with foulant-
foulant interaction energies. Their findings were in agreement with results of 
Kim and Hoek (2007) who investigated interactions controlling biopolymer 
fouling of RO membranes. The authors used bovine serum albumin (BSA) and 
alginate as model organic foulants (Kim and Hoek, 2007). 
1.4.2.2 Colloidal fouling 
Due to the wide application of colloidal substances such as silica, clay minerals, 
aluminium, iron and manganese oxides, colloidal fouling is also likely to occur if 
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these substances are not properly disposed of. Colloidal fouling of NF and RO 
membranes has also been extensively investigated (Boo et al., 2012; Hoek, 
2003; Elimelech and Bhattacharjee, 1998; Hoek et al., 2002; Lee al., 2004; Park 
et al., 2008; Zhu et al., 1995; Zhu and Elimelech, 1997). Hydrophobic 
membranes were found to be fouled more by small colloids such as silica and 
aluminium in comparison to hydrophilic membranes (Zhu et al., 1995). Also, the 
rougher the membrane, the more prone it is found to be to colloidal fouling 
(Hoek, 2003; Elimelech et al., 1995; Vrijenhoek et al., 2001; Zhu and Elimelech, 
1997).  
According to the cake enhanced concentration polarisation model, flux decline 
in colloidal fouling is due to a combination of hydraulic resistance imparted by 
the cake layer (i.e. cake layer resistance or Rc) in combination with hindered 
back-diffusion of salt from the membrane surface. The extent of Rc depends on 
the size of the particles (based on Equation 1.2) while cake enhanced 
concentration polarisation effects are mainly dependent on salt rejection 
properties of the membrane. Cake enhanced concentration effects result in 
increase in osmotic pressure gradient across the membrane, thereby reducing 
the driving force and leading to flux decline (Chong et al., 2007; Hoek, 2003; 
Lee et al., 2005). Some researchers have reported the decline in permeate flux 
and salt rejection in colloidal fouling to be due to cake-enhanced concentration 
polarisation more than the colloidal cake layer resistance (Hoek and Elimelech, 
2003; Hoek et al., 2002; Lee et al., 2004). 
Colloidal fouling occurs through a combination of physical (hydrodynamic) and 
chemical (colloidal) interactions. Physicochemical interactions between 
suspended colloids as well as between colloids and the membrane are 
fundamental in influencing membrane fouling as they determine attachment of 
colloids on the membrane (Yiantsios et al., 2005). Similar to organic fouling, 
membrane-colloid interactions as well as colloid-colloid interactions control 
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initial membrane fouling and subsequent fouling (Zhu and Elimelech, 1997). 
Brant and Childress (2002) investigated the contribution of Lewis acid-base 
interactions between colloids and membranes on membrane fouling (Brant and 
Childress, 2002). The extent of membrane fouling was found to be influenced 
by membrane-colloid interaction energies. Colloid-colloid interactions (and 
therefore subsequent fouling) are dependent on the stability of colloids. Zeta 
potential is normally used as a descriptor for colloidal stability. Similar to organic 
fouling, the presence of divalent cations has been shown to aggravate colloidal 
fouling as they accelerate polymerisation and also determine stability of 
colloids. 
1.4.2.3 Biofouling 
In addition to colloidal and organic fouling, bacterial colonies may also 
accumulate on and colonise the membrane surface and spacers, resulting in 
bio-fouling (Schafer et al., 2005). Biofouling may be defined as deposition, 
growth and metabolism of microorganisms on the membrane surface. Biological 
foulants include unicellular microorganisms such as bacteria, algae and fungi. 
Biofouling follows four steps which have been summarised by Knoell et al. 
(1999) (Knoell et al., 1999) as: 1) attachment of microorganisms to the 
substratum, 2) cell growth and multiplication, 3) production of extracellular 
polymeric substances (EPSs) by firmly anchored cells to the substratum and 4) 
conditioning of membrane surface to enhance further development of biofilms. 
Biofouling is also influenced by membrane composition and surface properties 
like the other types of fouling. Biofouling is outside the scope of this thesis. 
1.4.2.4 Inorganic fouling or scaling 
When the saturation of rejected salts (like magnesium sulphate, barium 
sulphate, iron sulphate, calcium carbonate and calcium sulphate dehydrate or 
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gypsum) exceeds the solubility limit in the boundary layer, scaling occurs 
(Schäfer, 1999). Scaling is more significant in NF/RO filtration due to high 
rejection of divalent cations by these membrane types which also increase the 
osmotic pressure gradient across the membrane. Scaling is prevented by 
adding anti-scalants and adjusting the pH to lower values. However, scaling of 
some salts like gypsum cannot be controlled by adjusting the solution pH. 
Inorganic fouling (at least when it comes to scaling) is outside the scope of this 
thesis. 
1.4.2.5 Combined fouling 
In principle, feed water contains a combination of foulants rather than a single 
foulant. Fouling by a cocktail of foulants (often termed combined fouling) can be 
different from that by a single foulant. Limited studies have investigated 
combined fouling of NF/RO membranes by a mixture of organics and colloids 
(Arkhangelsky et al., 2012; Contreras et al., 2009; Lee et al., 2005; Li and 
Elimelech, 2006). Due to complexities of fouling mechanisms, it is often a 
challenge to interpret fouling behaviour for combined fouling experiments.  
Literature on fouling in NF/RO is abundant, but mainly focuses on single foulant 
studies. Combined fouling is less investigated, and in literature, there is not 
always clarity on whether flux decline for combined fouling by organics and 
colloids is worse than just the addition of the single foulants. Some studies have 
observed more flux decline in combined fouling, due to synergistic effects 
between the foulants (Arkhangelsky et al., 2012; Contreras et al., 2009; Li and 
Elimelech, 2006). These studies used different model foulants representing 
organic and colloidal foulants. For example, Contreras et al. (2009) used silica 
as model colloids and Suwannee River humic acid, dextran, sodium alginate 
and bovine serum albumin (BSA) as model organic foulants to investigate 
combined fouling of NF-270 membranes. Li and Elimelech (2006) used 
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Suwannee River humic acid and silica as model organic and colloidal foulants 
to investigate combined fouling of NF-270 membranes. From studies of 
Contreras, combined bovine serum albumin + silica fouling was found to result 
in more flux decline than flux decline due to combined alginate + silica and 
combined humic acid + silica (which resulted in similar flux declines). On the 
other hand a study by Lee et al. showed that actual flux decline due to 
combined fouling was less severe than that predicted from simple addition of 
the flux decline from the single organic (natural organic matter - NOM) and 
colloidal fouling, although this largely depended on solution chemistry (Lee et 
al., 2005). In the studies of Lee et al. (2005), a commercial NF-70 membrane 
was fouled with colloidal silica and natural organic matter concentrated from 
Nakdong Rive (Changweon, Korea). Therefore differences in observations and 
conclusions made on the effects of combined fouling between different studies 
could be due to variations in the: 1) type (and thus the physico-chemical 
properties) of the organic and colloidal foulants used; 2) concentration of 
organics and colloids used; 3) ionic strength and/or concentration of multivalent 
ions used and 4) operation conditions. In addition to different fouling trends 
observed, several different fouling mechanisms have been proposed in 
combined fouling. The flux decline has been proposed to be due to: i) increased 
hydraulic resistance imparted by the combined cake layer structure; ii) hindered 
back diffusion of organics in the concentration polarisation layer (due to the 
presence of colloids); iii) modification of the colloid surface properties due to 
organic adsorption and iv) a combination of these mechanisms (Contreras et 
al., 2009; Lee et al., 2005; Li and Elimelech, 2006).  
There are literature studies which have investigated membrane fouling by 
surface and groundwater samples (Fu et al., 1995; Reiss et al., 1999; Gorenflo 
et al., 2002; Cornelissen et al., 2006). These studies have noted that various 
factors such as feed water recovery, permeate flux and calcium-natural organic 
matter content influence organic fouling. Fu et al. (1995) carried out a pilot study 
to investigate the influence of high natural organic matter content in 
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groundwater (obtained from the Dyer Road Well Field) on fouling of low-
pressure TriSep TS80 and Nitto Denko NTR7450 membranes. Filtration was 
carried out over a period of 90 days and 120 days for the TriSep TS80 and 
NTR7450 membranes, respectively. The Trisep TS80 membrane suffered 14% 
flux decline while the flux declined by 22% for the NTR7450 membrane. It was 
concluded that high content of natural organic matter in ground water may 
potentially result in membrane fouling. 
In another study, Cornelissen et al. (2006) studied the effect of calcium-natural 
organic matter in surface and ground water on fouling of nanofiltration 
membranes (TriSep 4040-TS80). The authors measured more flux decline due 
to organic fouling by natural organic matter and concluded that organic fouling 
increases with calcium concentration (which increases calcium-natural organic 
matter complexes). 
Since membrane fouling is undesirable, pre-treatment of the feed water 
becomes necessary to avoid or reduce fouling. Microfiltration (MF) and 
ultrafiltration (UF) membranes are mostly used for pre-treatment before NF/RO 
filtration. However, some of the foulants may still find their way through MF/UF 
membranes and result in fouling. In addition to pre-treatment, the use of low 
fouling materials for membrane synthesis (Elimelech and Bhattacharjee, 1998; 
Kilduff et al., 2004) and system optimisation (Hoek et al., 2002) may be applied. 
Membrane cleaning may also be performed to restore permeate fluxes. A wide 
range of cleaning agents such as alkalis, acids, metal-chelating agents, 
surfactants, oxidising agents and enzymes may be utilised. 
1.5 Effects of fouling on retention of trace organics 
Despite significant advantages of NF/RO over other techniques for trace 
organics removal, the membranes are still susceptible to fouling in practical 
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situations, which may limit membrane process efficiency (i.e., it can result in flux 
decline and membrane degradation due to cleaning) and can potentially 
influence solute rejection (Agenson and Urase, 2007; Hajibabania et al., 2011; 
Heijman et al., 2007; Lee et al., 2006; Lee et al., 2004; Verliefde, 2008; 
Verliefde et al., 2009; Vogel et al., 2010; Xu et al., 2006; Yangali-Quintanilla et 
al., 2009). Changing solute rejections occur due to combinations of changing 
hydrodynamic effects by the fouling layer, as well as changes in membranes 
surface chemistry (and thus in the governing solute-membrane interactions). 
The rejection behaviour of small organics by fouled NF/RO membranes 
therefore remains complex and hard to predict. Studies that have investigated 
the effects of fouling on rejection have reported varying observations with some 
observing a decline in rejection of (trace) organic solutes due to fouling 
(Verliefde et al., 2013; Xu et al., 2006), while others report an improvement in 
rejection of (trace) organics due to fouling (Schäfer et al., 2002; Verliefde et al., 
2009; Yangali-Quintanilla et al., 2009). No clear explanation for these different 
observations has been brought forward in literature. However, some 
understanding has begun to emerge which indicates that the rejection of trace 
organic pollutants by fouled membranes is influenced by several factors and/or 
interactions: 1) potential adsorption of the organics onto foulant molecules or 
the fouling layer – although the latter is only a temporary effect, occurring until 
adsorption equilibrium has been reached. Adsorption of trace organics onto 
larger natural organic matter (NOM) molecules improves the rejection of these 
trace organics as their partitioning and diffusion across the membrane is 
hindered (Schäfer et al., 2003; Yangali-Quintanilla et al., 2009). The solutes and 
NOM may interact through formation of hydrogen bonds, van der Waals 
interactions and dielectric interactions (Neale and Escher, 2008); 2) hindered 
back–diffusion of the trace organics in the fouling layer may lead to enhanced 
concentration polarization (i.e., cake-enhanced concentration polarization). 
Cake-enhance concentration polarisation increases the concentration gradient 
of the organics across the membrane interface. The resultant effect is increased 
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partitioning of the organics into the membrane, and transport to the permeate 
side, leading to lower rejections (Lee et al., 2004, Lee et al., 2006; Yangali-
Quintanilla et al., 2009); 3) changing membrane surface characteristics will 
influence trace organics transport: fouling may lead to enhanced sieving effects 
(due to pore blocking/pore constriction); increased/decreased electrostatic 
effects (due to different surface charge characteristics of membrane and fouling 
layer); and non-electrostatic affinity interactions will also change due to the 
changing membrane surface properties. However, the latter has largely been 
overlooked in existing literature on the influence of fouling on trace organics 
rejection; and 4) many authors fail to account for the decrease in permeate flux 
due to fouling. Indeed, the solution-diffusion model clearly indicates the flux 
dependency of observed trace organic rejection via             ; where  , 
  and    are rejection, solute permeability constant and water flux respectively 
(Verliefde et al., 2013; Boussu et al., 2006; Hajibabania et al., 2011; Paul, 2004; 
Loeb, 1962; Verliefde, 2008; Xu et al., 2006). If fouling results in a decrease in 
flux, this will automatically lead to a decrease in rejection, if the rejection is not 
corrected for flux. However, if rejection would be corrected for flux, the 
conclusion on rejection decreasing with increased fouling might change. 
Several researchers have indeed corrected for the effects of flux decline due to 
fouling on trace organic solute rejection, but others have not. 
1.6 Antifouling membranes with improved performance 
Recent studies have focused on fabricating polyethersulfone (PES) membranes 
with anti-fouling properties (Fan et al., 2008; Jamshidi Gohari et al., 2014; 
Koseoglu-Imer et al., 2013; Lee et al., 2013; Mahlambi et al., 2014; Qu et al., 
2010; Padaki et al., 2012; Rajesh et al., 2013; Razmjou et al., 2012; Wu et al., 
2014). Due to the hydrophobic nature of the polymer (PES), PES membranes 
are inherently prone to fouling (Fan et al., 2008; Ghaemi et al., 2012; Koseoglu-
Imer et al., 2013). Therefore, in order to reduce the fouling propensity of PES 
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membranes, most studies have incorporated hydrophilic materials such as TiO2, 
Al2O3, zeolites, MgO, ZnO and hydrophilic cellulose fibrils to increase 
membrane surface hydrophilicity. For example, Maximous et al. (2009) studied 
anti-fouling properties of PES membranes modified with Al2O3 nanoparticles 
(Maximous et al., 2009). These authors filtered activated sludge through 
Al2O3/PES membranes and observed reduced fouling for membranes with 
nanoparticles.  
Many other studies have shown that PES membranes modified with hydrophilic 
nanoparticles are less prone to flux decline upon fouling and the addition of 
nanoparticles improved hydrophilicity, thermal stability and chemical strength (Li 
et al., 2012; Wu et al., 2008). Incorporation of hydrophilic materials in PES 
membranes has resulted in improvement in permeate flux and anti-fouling 
properties for membranes due to increase in membrane hydrophilicity. 
Membrane hydrophilicity increases with increasing nanoparticle content.  
Recent studies have shown the catalytic activity of several nano-materials such 
as zinc oxide (ZnO) and reduced graphene oxide (rGO). Graphene oxide (GO) 
has gained interest in the biomedical sector where it is used for drug delivery 
and biosensing purposes (Hong et al., 2011). In membrane filtration, GO has 
been used as additive for water reclamation where it has shown excellent 
adsorption due to its large surface area and increased membrane hydrophilicity 
and pure water fluxes (Zhang et al., 2013). Graphene oxide provides good 
semi-conductive properties as well as good mobility of charge carriers and 
transport of electrons, because of the p-conjugated and oxygenated sp
2 
domains (Chen et al., 2013). Graphene oxide can be easily used for chemical 
functionalisation and production of composite materials due to the presence of 
reactive functional groups on its surface (Fu et al., 2012). These GO hybrid 
materials are reported to have increase adsorption of pollutants, to be able to 
extend the light absorption range and were demonstrated to have efficient 
charge transportation and separation properties. Zinc oxide has interesting 
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physicochemical properties which include optical absorption in the UV region, 
high photosensitivity, high thermal stability and antimicrobial activity (Moezzi et 
al., 2012). Zinc oxide (ZnO) is therefore used as a photocatalyst to degrade 
organic pollutants in water and air (Li et al., 2012). ZnO can offer the necessary 
driving force for reduction and oxidation. The attractive features of ZnO make it 
an interesting choice for nanocomposite membranes (Balta et al., 2012). When 
incorporated in membranes, ZnO has been shown to improve water 
permeability (by increasing membrane porosity), increase rejection of dyes and 
reduce membrane fouling by making the membrane surface hydrophilic (Balta 
et al., 2012; Shen et al., 2012). 
GO and ZnO have often been coupled to form ZnO-rGO composites and used 
to photocatalytically degrade pollutants such as Cr(VI) (Liu et al., 2012). More 
degradation (96%) was observed for the coupled Zn-rGO composite compared 
to degradation by ZnO only (67%). While the combination of GO-ZnO has 
shown excellent properties, a blend of these nanoparticles has never been 
incorporated in membranes for water filtration, although it could have some 
beneficial effects such as improved photocatalytic activity. 
1.7 Motivation of the study 
Previous studies (as highlighted in previous sections) have already shown that 
NF and RO membranes remove trace organics (Van der Bruggen and 
Vandecasteele, 2002; Bruggen et al., 2006; Hajibabania et al., 2011; Kiso et al., 
2000, 2001; Nghiem et al., 2002; Nghiem et al., 2004; Verliefde, 2008). 
However, there is incomplete removal of trace organics leading to detection of 
some pollutants in the permeates of NF/RO filtration (Verliefde et al., 2009; Xu 
et al., 2006). Although NF/RO membranes are effective contaminant removal 
barriers in the provision of high purity water, their main drawback is fouling, 
mostly by organic macromolecules or colloids which may not be removed during 
pre-treatment (Kim and Hoek, 2007; Vrijenhoek et al., 2001). Organic 
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macromolecules and colloids result in membrane fouling which may potentially 
alter the membrane performance (Agenson and Urase, 2007; Hajibabania et al., 
2011; Heijman et al., 2007; Lee et al., 2006, 2004; Verliefde, 2008; Verliefde et 
al., 2009; Vogel et al., 2010; Xu et al., 2006; Yangali-Quintanilla et al., 2009). 
Several reports have been made with regards to the effects of fouling on trace 
organic rejection. Both increases (Schäfer et al., 2002; Verliefde et al., 2009; 
Yangali-Quintanilla et al., 2009) and decreases (Verliefde et al., 2013; Xu et al., 
2006) in trace organic rejection has been reported but major factors influencing 
trace organic rejection by fouled membranes are not yet well understood and 
trace organic rejection behaviour by fouled membranes remains hard to predict.  
Several researchers have investigated organic (Ang and Elimelech, 2007; Ang 
et al., 2011; Kim and Hoek, 2007; Lee et al., 2005; Seidel and Elimelech, 2002; 
Vogel et al., 2010), colloidal (Boo et al., 2012; Hoek, 2003; Elimelech and 
Bhattacharjee, 1998; Hoek et al., 2002; Lee et al., 2004; Park et al., 2008; Zhu 
et al., 1995; Zhu and Elimelech, 1997) and combined fouling (Arkhangelsky et 
al., 2012; Contreras et al., 2009; Lee et al., 2005; Li and Elimelech, 2006) of 
NF/RO membranes. However, fouling mechanisms in combined fouling are not 
yet fully understood due to complexities in feed water chemistries. Different 
conclusions have been made with respect to the presence of synergistic effects 
in combined fouling, the influence of the presence of divalent cations and the 
role of specific membrane-foulant interactions. Some of the factors influencing 
membrane fouling (such as varying organic-colloid mass ratio, effect of colloid 
type and varying calcium concentration) have been overlooked thereby limiting 
explanation of observed results. 
Therefore, this study is motivated by the quest to unlock major factors 
influencing membrane fouling (by investigating the effects of various 
parameters) and the resultant effect of fouling on trace organic rejection. The 
excellent capability of current NF/RO membranes to remove organics as well as 
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salts is well-known; however, this leads to increased energy consumption. Total 
rejection of salts may not be necessary at times especially for low energy 
wastewater reuse; this means that a membrane selective for organics is 
required and this membrane should allow salts to pass through with minimum 
energy requirements while rejecting almost all trace organics. Fabrication of 
such membranes is attempted in this thesis. Fundamental conclusions based 
on experimental results will not be useful in only gaining further insight into 
membrane fouling mechanisms in NF/RO filtration (and resulted effect of fouling 
on trace organic rejection) but will also assist membrane manufacturers and 
researchers to design better membranes with high trace organic rejection and 
fouling resistance having prior knowledge of membrane and foulant properties 
influencing fouling and trace organic rejection. 
1.8 Thesis aims and objectives 
This thesis aimed at the following: 1) to investigate fouling mechanisms in 
combined fouling; 2) to study mechanisms of trace organic compound rejection 
by clean and fouled membranes and 3) to develop better membranes for 
selective trace organic rejection. A series of experiments were conducted 
guided by the following objectives: 
1. To systematically investigate combined fouling by studying the effect of 
foulant type, effect of foulant concentration, effect of multivalent cations and 
determine role of organic-colloid interactions in order to shed more light on the 
different effects of combined fouling observed in literature.  
2. To investigate the effects of combined organic and colloidal fouling on 
membrane filtration performance in terms of solute (salt and carbamazepine) 
rejection. The interest was to investigate whether the decline in solute rejection 
was mainly due to cake-enhanced concentration polarisation effects, a decline 
in permeate flux or a combination of both. The effects of flux and cake-
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enhanced concentration polarisation on solute rejection can be uncoupled 
based on the solution-diffusion model which takes into account hindered back-
diffusion of solutes due to presence of fouling layer. However, in real water 
filtration, changing flux also changes cake-enhanced concentration polarisation 
making it hard to decouple flux decline and cake-enhanced concentration 
polarisation effects.  
3. To correct the measured rejection values (for fouled membranes) for the 
effects of declining permeate flux, to distinguish the effects of solute-membrane 
affinity interactions and flux effects on rejection. 
4. To compute specific non-electrostatic membrane-solute affinity 
interactions for virgin and fouled membranes, and relating these to trace organic 
rejection – also as a function of the type of fouling and also carry out novel 
sequential fouling experiments in order to gain more insights in the effects of 
changing hydrodynamic conditions (such as cake-enhanced concentration 
polarisation). In filtration of real water, sequential fouling does not happen. 
Therefore, results from sequential fouling experiments may be different from 
those of combined fouling (which is a close representation of real water 
filtration). Sequential fouling experiments allow for the determination of the 
significance of membrane-foulant affinity interactions and foulant-foulant 
(especially organic-colloid) interactions in membrane fouling. In addition, the 
influence of entrapment of organics in the colloidal cake layer and cake layer 
compression in flux decline can be predicted based on flux decline trends. In 
trace organic rejection, sequential fouling may predict trace organic rejection in 
combined fouling for a feed with high concentrations of either organics or 
colloids (which may determine fouling mechanisms and trace organic rejection 
behaviour). 
5. To synthesise energy efficient novel membranes with low salt rejection 
properties and modify their top layers with the hope to make membrane-solute 
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interactions repulsive and improve trace organic rejection for low energy 
wastewater reuse. 
6. To compare rejection of trace organics by novel membranes and 
commercial NF membranes at similar applied conditions in order to evaluate 
competitiveness of the novel membranes. 
1.9 Goal and overview of the thesis 
Chapter 1 gives a brief introduction of the background of the study with a 
critical review of previous research that has been carried out in relation to the 
research topic. Membrane filtration processes as well as trace organic rejection 
mechanisms are defined. Specific solute, membrane and feed water properties 
that influence solute rejection are mentioned.  Membrane fouling mechanisms 
and the state-of-the-art on insight into effects of fouling on rejection of trace 
organics are reviewed. With regards to membrane fouling, factors influencing 
fouling are highlighted, particularly pointing out the gaps in knowledge. Lastly, 
the possibility of fabricating membranes with modified top layers is discussed. 
Some nanoparticles with interesting properties such as increased hydrophilicity 
(for anti-fouling) and photocatalytic activity are mentioned.  
In Chapter 2 materials and methods used in the thesis are highlighted. The 
methods include foulant as well as membrane characterisation techniques, 
membrane filtration protocols, fouling protocols and trace organic analysis 
techniques. 
In the third chapter (Chapter 3), factors influencing the different observations 
made in the literature with regards to the presence of synergistic effects in 
combined organic-colloidal fouling of NF/RO membranes are investigated, 
together with the effects of calcium as multivalent ion on fouling rates, by 
varying the organic-colloid concentration ratio and calcium concentration. Novel 
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fouling experiments (termed sequential fouling experiments) are carried out to 
elucidate the influence of organic-colloid interactions as well as hindered back-
diffusion of organics/colloids in the concentration polarisation layer on fouling. 
Conclusions are given on the (combined) fouling nature of NF/RO membranes 
as well as the implications of the results on application of NF/RO membranes in 
water reclamation schemes. 
In Chapter 4, the solution-diffusion model and the cake-enhanced 
concentration polarisation model are used to investigate whether cake-
enhanced concentration polarisation is indeed the main mechanism responsible 
for the decline in rejection of trace organics upon fouling. Carbamazepine is 
used as model trace organic compound. Most literature on this topic indeed 
attributes the decline in rejection to cake-enhanced concentration polarisation 
effects, yet many authors overlook the effects of declining permeate flux and 
specific membrane-solute-foulant interactions. The influence of these 
interactions on organic solute rejection is further studied. Solute-membrane 
non-electrostatic affinities are quantified from contact angle measurements 
based on the surface tension components approach and related to changes in 
rejection upon fouling. Key parameters that influence solute rejection by fouled 
membranes are highlighted. 
Since it was shown in Chapter 4 that membrane-solute affinity interactions 
(     ) play a major role in solute rejection (also for fouled membranes) for 
carbamazepine, the influence of       on the rejection of a wide range of trace 
organics for fouled membranes is investigated further in Chapter 5. In addition 
to single foulant fouling (alginate and colloids), combined fouling effects on 
trace organic rejection are also further studied. The study aimed at: 1) 
correcting the measured rejection values for the effects of declining permeate 
flux, to distinguish the effects of solute-membrane interactions and flux effects 
on rejection; 2) computing specific non-electrostatic membrane-solute affinity 
interactions for virgin and fouled membranes, and relating these to trace organic 
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rejection – also as a function of the type of fouling and 3) carrying out novel 
sequential fouling experiments in order to gain more insights in the effects of 
changing hydrodynamic conditions (such as cake-enhanced concentration 
polarisation).  
Chapter 6 investigates whether novel energy-efficient nanohybrid GO-ZnO 
membranes have the potential to compete with commercial nanofiltration 
membranes in terms of trace organics rejection. The goal is to make novel 
membranes with low salt rejections but high trace organic rejection. In addition, 
the effects of membrane synthesis method on membrane properties and 
performance are compared. Two membrane synthesis methods (single-casting 
phase inversion (SCPI) and double-casting phase inversion (DCPI)) are 
compared for membrane properties and performance in terms of salt and trace 
organic rejection. The novel membranes are characterised and further 
investigated for salt rejection, trace organics rejection and antifouling properties.  
Major conclusions drawn from the experimental results in the thesis are 
highlighted in Chapter 7. Questions which could not be answered in the thesis 
are also presented and finally recommendations for future work (aimed at 
addressing the unanswered questions) are made. 
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CHAPTER 2:  
MATERIALS AND METHODS 
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This chapter discusses protocols used in the thesis. Membrane as well as 
foulant characterisation steps are presented. In addition, a discussion of some 
of the instruments used is given. 
2.1 Model foulants and foulant characterisation 
2.1.1 Model foulants 
Sodium alginate (Sigma Aldrich, South Africa), polystyrene carboxylated latex 
(EOC, Oudenaarde, Belgium), aluminium oxide or Al2O3 (Evonik Degussa 
GmbH, Hanau-Wolfgang, Germany) and silica colloids (Nissan Chemicals, 
United States of America) were selected as model organic and colloidal 
foulants. The concentration of foulants used was determined by the 
experimental objectives. 
Alginate was chosen as representative of polysaccharides which are ubiquitous 
in most source water (Ang et al., 2011; Kim and Hoek, 2007; Lee et. al., 2006). 
In addition, alginate has been widely used by other researchers to investigate 
fouling of NF/RO membranes by natural organic matter (see section 1.4.2.1). 
According to the manufacturer, alginate (CAS number: 9005-38-3) has the 
following properties: appearance = solid; loss on drying   15.5%; viscosity = 5.0 
– 40 cps; pH = 5 – 8; arsenic   3 ppm; cadmium   1 ppm; mercury   1 ppm 
and lead   10 ppm.  
Latex was selected because it is widely applied in adhesives, inks, paints, 
coating, drug–delivery systems, floor polish, films and carpet packing. Latex 
may be present in water sources if improperly disposed by these industries. The 
latex used in this thesis has the following specifications as given by the 
manufacturer: type = L7104; pH = 7.7; bound styrene = 50%; Tg   -23 oC and 
particle size   200 nm.  
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Silica with a molecular formula of SiO2, is one of the abundant minerals on 
earth. In industry, silica is applied as a drainage aid in paper making. It is also 
used as a catalyst, absorbent and wine and juice fining agent. SiO2 has been 
detected at concentrations of 14.4 mg/l after pre-treatment of groundwater from 
a water treatment plant of the public works of Mainz, Germany (Gorenflo et al., 
2002). The silica used in this thesis was designated by the manufacturer as 
SNOWTEX ® ST-ZL has 40 – 41% SiO2 (wt%); pH 9 – 10; viscosity = < 5 
mPa.s; specific gravity at 25 
o
C = 1.29 – 1.32; shape = spherical and particle 
size = 70 – 100 nm. 
Al2O3 was used in this thesis so that the effects of foulant charge on membrane 
foulant can be investigated by comparing latex and Al2O3 fouling trends. 
According to the manufacturer, Al2O3 has iso-electric point at pH 8 – 9, particle 
size of 13 nm, density of 3.2 g/cm
2
 (Degussa, 1990) and BET surface area in 
the range 85 – 115 m
2
/g. Al2O3 suspension (30%) was prepared by adding 
known amount of Al2O3 in deionised water followed by mixing and 
ultrasonication (Zhu and Elimelech, 1995). 
Silica, latex and aluminium oxide are used as models for colloidal particles that 
can be found in real waters and have similar surface properties as the model 
colloids. Latex may hardly occur in feed water sources for reverse osmosis and 
nanofiltration drinking water treatment. Latex (a compressible colloid, Gésan-
Guiziou et al., 2002) was chosen in order to compare fouling of nanofiltration 
membranes by compressible colloids to that of fouling by incompressible 
colloids such as SiO2. In addition, latex colloids were selected so that 
membrane fouling by colloids of similar particle size but different zeta potentials 
can be compared. 
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2.1.2 Foulant characterisation 
2.1.2.1 Determination of foulant zeta potentials 
The model foulants were characterised for zeta potentials at a pH of 6.8 in 10 
mM KCl using a Zetasizer 2C (Malvern Instruments, United Kingdom). Foulant 
zeta potentials were measured in the presence and absence of calcium (added 
as calcium chloride, Sigma Aldrich, Belgium). Zeta potential measurements 
were based on electrophoretic mobility (EM). The foulant zeta potential relates 
to the measured EM based on the Helmholtz–Smoluchowski equation (Equation 
2.1) (Nyström and Pihlajamäki, 1994):  
   
    
 
        (2.1) 
where EM is the measured electrophoretic mobility (m
2
.s
-1
.V
-1
),   is the zeta 
potential (V),   is the permittivity of water (C2·N-1·m-2) and   is the electrolyte 
viscosity (Pa.s). 
2.1.2.2 Determination of foulant particle size 
The measurement of foulant particle sizes were based on dynamic light 
scattering (DLS) techniques using photon correlation spectroscopy (PCS 100M, 
Malvern Instruments, England). All foulant solutions were prepared in 10 mM 
NaCl and the pH was adjusted to 6.8 using NaOH and/or HCl (Sigma Aldrich, 
Belgium). All measurements were done at room temperature. 
2.1.2.3 Contact angle measurement 
The foulants were also characterised for surface tension components by 
measuring their contact angles ((DSA 10-MK2, Kruss, Germany) with three well 
characterised probe liquids of known surface tension components (water, 
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glycerol and diiodomethane). The goniometer is equipped with a video camera, 
computer with monitor and image analysis software. The individual foulants 
(200 mg/l) were therefore deposited on the NF-270 membranes by filtering 200 
ml solution in a dead-end filtration system. These filtered lawns were then dried 
in a dessicator overnight before contact angle measurements. The membranes 
with filtered lawns were cut into appropriate sizes and stuck on glass slides 
using double sided tapes. The sessile drop method was adopted for the contact 
angle measurements. A minimum of 10 drops per liquid were placed on the 
filtered lawns using a microlitre syringe. All contact angle measurements were 
done at room temperature. The needle was slowly lowered to deposit the test 
liquid on the filtered lawns. The drop volume was 10 µl for all liquids. A 
minimum of two membrane coupons were measured for each liquid. An 
average (± standard deviation) from the measured contact angles was 
calculated. Drying might give slightly different results compared to hydrated 
contact angle methods. However, due to the sheer amount of contact angles 
determined and the heavy workload when using hydrated contact angle 
approach, hydrated contact angle measurements were not done in this thesis. 
From the measured contact angles, surface tension components as well as 
interaction energies were calculated. 
Confidence intervals (CI) of the measured contact angles as well as surface 
tension components and interaction energies were calculated based on the 
following relationship: 
         
  
 
 
  
        (2.2) 
where   
  
 is the critical value,   is standard deviation and   is number of 
samples. All values presented in the thesis were calculated at 95% confidence 
interval for   = 30. 
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2.1.2.4 Calculation of surface tension components and interfacial 
free energies of interaction 
In this thesis, the Derjaguin-Landau-Verwey-Overbeek (DLVO) or the extended 
Derjaguin-Landau-Verwey-Overbeek (or XDLVO) is not used. The DLVO 
theory, considers two types of interactions between two surfaces namely the 
Lifshitz-van der Waals (LW) and electrostatic (EL) double layer interactions. 
Additional interactions between uncharged materials have been observed, the 
acid-base or AB interactions. This is believed to be induced by the polarity of 
the solvent (van Oss, 1993; Grabbe and Horn, 1993). The Derjaguin-Landau-
Verwey-Overbeek and extended Derjaguin-Landau-Verwey-Overbeek approach 
take into account force balance close to the membrane and show interaction 
energy as a function of separation distance from the membrane. As the 
separation distance between two surfaces increases, the Lifshitz-van der Waals 
and acid-base surface tension parameters diminish from their corresponding 
adhesion energy (Bhattacharjee et al., 1996; Brant and Childress, 2002). As the 
solute approaches the membrane (or any other entity), it encounters an energy 
bump, which needs to be overcome for the solute to approach the membrane. 
In this thesis, it is assumed that this energy bump has been overcome, and the 
solute has approached the membrane as close as the characteristic decay 
length, and thus describes a thermodynamic minimum energy the solute can 
acquire close to the membrane surface. Solute-membrane interaction is 
therefore explained based on the Lifshitz-van der Waals and acid-base 
interaction energies which are important in short range interactions between two 
materials. Electrostatic interaction energies are not considered because they 
are important in cohesive interactions where the interaction is occurring 
between two materials which have the same zeta potential (Brant and 
Childress, 2002).  
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The total surface tension component of any material is the sum of the Lifshitz-
van der Waals component (   ) and Lewis acid-base components     
(            with          being the electron acceptor and electron donor, 
respectively: 
                   (2.3) 
Measurement of contact angles ( ) with three liquids of known surface tension 
components (see table 2.1) makes calculation of             possible 
through: 
   
    
 
   
                                   (2.4) 
where: r accounts for increase in surface area due to membrane roughness, 
subscripts s and w are the solid surface and test liquid (water in this case), 
respectively.  
Table 2.1: Surface tension components of test liquids at 20 
o
C (van Oss, 1993) 
 Surface tension parameter (mJ/m
2
) 
                   
Ultrapure water 21.8 25.5 25.5 51.0 72.8 
Glycerol 34.0 3.9 57.4 30.0 64.0 
Diiodomethane 50.8 0.0 0.0 0.0 50.8 
Formamide 39.0 2.3 39.6 19.0 58.0 
 
The interfacial free energy of interaction between two materials (such as 
membrane (m) and solute or foulant (s) in water (w)) may then be calculated as 
(Kim and Hoek, 2007): 
     
                                  (2.5) 
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                 (2.6)  
     
          
         
        (2.7) 
     
    indicates the total free energy of cohesion. This is the energetic 
favourability of a solid material (s) interacting through a liquid medium (w) with 
itself (s).      
    is the total free energy of adhesion. It relates to adsorption and 
adhesion of dissimilar materials in a liquid medium (Kim and Hoek, 2007). 
2.2 Model trace organic pollutants and analysis 
2.2.1 Trace organic compounds selection 
Trace organic compounds were purchased from Sigma Aldrich, Belgium. The 
organics vary in molecular weight, charge and hydrophobicity/hydrophilicity. The 
logarithm of the pH-dependent octanol-water distribution coefficient, log D, was 
used to classify trace organics as hydrophobic or hydrophilic  (Alturki et al., 
2010; Dang et al., 2014; Verliefde et al., 2008). 
 
2.2.2 Trace organic analysis 
Feed and permeate samples (25 ml each) were prepared for analysis using 
solid phase extraction. Calibration standards were prepared to cover the 
expected concentration range of organics in permeate and feed samples. 
Internal standards of Metoprolol-D7 (75 µg/l), Atrazine-D5 (5 µg/l), Diuron-D6 (6 
µg/l), Paracetamol-D4 (15 µg/l), Sulfamethoxazole-13C6 (30 µg/l) and 
Ketoprofen–D3 (30 µg/l) were added to all standards and samples to ensure 
quantification. After conditioning the Oasis® HLB SPE cartridges (6 cc, 200 mg 
of sorbent, Waters Corporation, Ireland) with 3 ml of LC-MS
n
 grade methanol 
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(Sigma Aldrich, Belgium), all samples were loaded onto the cartridges followed 
by extraction under gravity (at approximately 1 ml/min). After extraction, the 
cartridges were rinsed twice with 2.5 ml of Milli-Q water, and vacuum dried for 
10 min. Elution of the solutes was then performed twice under gravity with 4 ml 
of methanol (LC-MS
n
 grade) followed by evaporation of the eluate with nitrogen 
gas to a final volume of 0.7 ml.  
Chromatographic separation of trace organic solutes was carried out using 
ultra-high performance liquid chromatography (U-HPLC). The bench-top 
Exactive
TM
 Orbitrap mass spectrometer (UHPLC-HR-Orbitrap-MS, Thermo 
Fisher Scientific, USA) consisted of an Accela autosampler (maintained at 15 
°C), Accela degasser and an Accela 1250 pump, which injected the sample 
aliquot of 10  μl and the compounds were eluted through the column at a flow 
rate of 300 μl/min. The extract was re-injected into an HPLC system and 
segregated on a Nucleodur® C18 Pyramid column (100 mm x 2.1 mm, 1.8 μm, 
Macherey-Nagel, PA, USA) at 25 °C. The mobile phase consisted of 0.08% 
formic acid dissolved in ultra–pure water (solvent A) and methanol (solvent B). 
A linear gradient was used starting from 98% of solution A and 2% of solution B, 
which was held for 60 s. After 30 s the proportion of solvent B was increased to 
90%, and then increased further to 100% after 3 min and held for 1 min. 
Equilibration at initial conditions was done for 90 s. The components were 
ionised with a heated electrospray ionization probe (HESI–II) after segregation 
of the extract on the Nucleodur® C18 Pyramid column. Auxiliary and sweep 
gases were not used. Ionized components were then characterised using an 
Orbitrap-HRMS (Thermo Fisher Scientific, USA) at a polarity alternating from 
negative to positive ion mode. A scan range of 80.0 – 800.0 m/z was selected. 
For detection, a resolution of 50 000 FWHM (full width at half maximum) and an 
automatic gain control (AGC) target of 5 x 10
5
 were used. The option of “all-ion 
fragmentation” using the High Energy Collision Dissociation (HCD) cell was 
disabled. The Thermo Xcalibur 2.1.0.1140 software package (Thermo Fisher 
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Scientific, USA) was used for data processing and interpretation. Every analyte 
of interest was detected based on the accurate mass of the precursor ions: 
[M+H]
+
 and [M-H]
-
. The maximum mass tolerance was set to 5.0 ppm. The 
instrument settings were optimised to obtain maximum signal as shown in Table 
2.2. 
Table 2.2: HESI-II working parameters for ionization of trace organic pollutants. 
 
Value 
Spray voltage (kV) 4.0 
Capillary temperature (°C) 250 
Capillary voltage (V) 82.5 
Sheath gas flow rate (arbitrary units, AU) 30 
Tube lens voltage (V) 120 
Skimmer voltage (V) 20 
Vaporizer heater temperature (°C) 350 
 
2.3 Membrane and membrane characterisation 
A commercial polyamide thin film composite nanofiltration membrane (NF-270, 
Dow Filmtec, Minneapolis, MN) was used for all filtration experiments. 
According to the manufacturer, the membrane rejects 40–60% of salts under 
the following test conditions: applied pressure of 4.8 bar, temperature of 25 
o
C 
and 15% recovery. The NF-270 membrane has a molecular weight cutoff of 
200-300 g/mol, average pore diameter of 0.84 nm and surface roughness of 4.1 
nm (Nghiem et al., 2004). The membrane pure water permeability (measured 
with Milli-Q water at room temperature) is about 11 l/m
2.
.h.bar and the virgin 
membrane resistance is 3.52x10
13
 m
-1
. Upon receipt from the manufacturer the 
membranes were immediately stored at 4 ˚C to avoid drying and oxidation. 
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2.3.1 Determination of membrane zeta potentials 
The zeta potential of the clean membrane was determined by measuring the 
streaming potential (the potential at the shear plane between the membrane 
and the solution) using a self–assembled streaming potential analyser at a 
background electrolyte of 10 mM KCl and pH 6.8 (adjusted using NaOH and/or 
HCl, Sigma Aldrich, Belgium). Zeta potential measurements were done at room 
temperature. The measuring unit is equipped with a 6B11 analog digital 
converter (Analog Devices GmbH, Germany). The converter has an accuracy of 
0.01 mV. The streaming potential cell has the following dimensions: channel 
length of 6.42x10
-2
 m, channel width of 2.54x10
-2
 m and channel height of 5x10
-
4
 m. The tangential mode of analysis was used at a pressure range of -1 to -20 
kPa. Briefly, the test solution is allowed to flow through the membrane surface 
by opening the valve. During the flow mode, a streaming potential (mV) is 
recorded in the data logger. A second measurement is made in non–flow mode 
(i.e. when the valve is closed). The difference between the potentials in flow and 
non–flow modes is used in the calculation of the membrane zeta potential 
based on Equation 2.8: 
  
    
   
        (2.8) 
where    is the measured streaming potential (V),    is the applied pressure 
(Pa) and   is the electrolyte conductivity (µS/cm). Measured zeta potentials 
were useful in predicting membrane-foulant charge interactions which were 
related to membrane fouling. 
2.3.2 Determination of membrane surface tension components and 
interaction energies 
For determination of membrane surface tension components, the membrane 
samples were first dried in a dessicator overnight. The dried membranes were 
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then supported on glass slides using double sided tape. This was followed by 
measurement of contact angles of membranes using water, glycerol and 
diiodomethane following similar methods used for foulants’ contact angle 
measurement (see section 2.1.2.3). From the measured contact angles, surface 
tension components as well as interaction energies were computed as mention 
in section 2.1.2.4. 
2.4 Membrane filtration and fouling protocol 
Four different filtration systems were used in this thesis. The filtration set-ups 
will be described in the respective chapters where they are used. 
2.4.1 Membrane preparation and conditioning 
Once the membrane and spacers had been cut and fitted into the membrane 
cell, membrane cleaning with deionised (DI) water was done for 2 hours to 
remove any preservatives. All membrane cleaning steps were done in cross-
flow filtration without permeation (i.e. there was no pressure applied). After the 
membrane cleaning step, compaction with Milli-Q water was done at 8 bar 
overnight (approximately 12 h). Compaction was done to ensure that flux 
decline upon fouling is not due to membrane compaction. Pure water flux tests 
were conducted with Milli-Q water at different applied pressure and the 
membrane hydraulic resistance (  ) was calculated from Equation 2.9: 
   
  
   
        (2.9) 
where    is water flux,   is dynamic viscosity of water and    is applied 
pressure. The membranes were then conditioned with test solutions of 10 mM 
NaCl at 4 bar for 1 h (to equilibrate them with the test solutions; to improve their 
electrical conductivity and also to ascertain that salt rejection and permeate 
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fluxes were stable before fouling). The trans-membrane osmotic pressure (   ) 
was determined from the permeate flux of the salt solution before the addition of 
foulants based on the following relationship: 
   
      
   
        (2.10) 
Salt rejection and initial flux were determined and constantly monitored for 
specific times (for different filtration experiments) depending on the 
experimental protocol. NaCl (Sigma Aldrich, Belgium) rejection ( ) was 
computed from conductivity of the feed (  ) and permeate (  ) based on 
Equation 1.1. The conductivities (Consort C6010 conductivity meter, Belgium) 
were determined every time when flux measurements were done.  
The following operational parameters were chosen and kept constant for all 
experiments in this thesis (except otherwise specified): cross–flow velocity = 0.2 
m/s, temperature = 20 ± 2 ˚C, total ionic strength of feed solution = 10 mM NaCl 
(Sigma Aldrich, Belgium) and pH = 6.8. The concentration of NaCl was adjusted 
accordingly when calcium was added (for fouling experiments) so that the total 
ionic strength remained 10 mM (except when relatively high calcium 
concentrations were used). 
2.4.2 Fouling protocol 
2.4.2.1 Individual and combined fouling experiments 
After filtration with the virgin membrane, the system was stopped and the 
fouling experiments were started. For this, calculated amounts of concentrated 
foulants solution were added for the different fouling experiments to obtain the 
desired concentrations. Different foulant concentrations were used for various 
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fouling experiments in the thesis.
 
Individual and combined fouling experiments 
were carried out. In combined fouling, a cocktail of organic and colloidal foulants 
was prepared. All feed solutions were prepared in deionised water with 10 mM 
NaCl as the background electrolyte in cases where Ca
2+
 was not added. When 
Ca
2+
 was added during fouling experiments, the concentration of NaCl was 
adjusted accordingly to obtain a total ionic strength of 10 mM. The feed solution 
with foulant was stirred for 10 min to ensure proper mixing and the system was 
restarted. Permeate flux and salt rejection was monitored at specific time 
intervals. NaCl rejection was only monitored for virgin and fouling experiments 
without the addition of calcium because at relatively high Ca
2+
 concentrations, 
the rejection of Na
+
 may be significantly influenced. This is due to reduced 
ability of natural organic matter (NOM) to enhance NaCl rejection when Ca
2+
 
binds to natural organic matter (Kilduff et al., 2004). All fouling experiments 
were repeated with the feed containing Ca
2+
. The concentration of calcium 
varied depending on experimental design. A fresh membrane sample was used 
for every experiment. 
2.4.2.2 Sequential fouling experiments 
To investigate various interactions (such as organic-colloid as well as 
membrane-foulant interactions) controlling combined fouling, fouling 
experiments were repeated as fouling was done sequentially. In addition, 
sequential fouling experiments were carried out in order to investigate the 
influence of organic-colloid interactions as well as hindered back-diffusion of 
organics/colloids in the concentration polarisation layer on fouling. Sequential 
fouling experiments allow for the determination of the significance of 
membrane-foulant interactions and foulant-foulant (especially organic-colloid) 
interactions in membrane fouling. Previous studies have shown that initial 
membrane fouling by individual foulants is influenced by membrane-foulant 
interactions while later fouling is influenced by foulant-foulant interactions (Kim 
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and Hoek, 2007; Jin et al., 2009). When sequential fouling is initiated with 
organics and later foul with colloids (or vice versa), the influence of organic-
colloid interactions in combined fouling can be determined, by relating later flux 
decline to organic-colloid interaction energies. In addition to investigating the 
influence of membrane-foulant and foulant-foulant interactions on fouling, the 
influence of entrapment of organics in the colloidal cake layer and cake layer 
compression in flux decline can be predicted based on flux decline trends. 
Sequential fouling was done by alternating the sequence of fouling experiments 
with only organics or colloids, in the presence and absence of calcium. 
Subsequent fouling was done in two stages: first, the membrane was fouled 
with one foulant type, after which the feed water was changed and the fouled 
membrane was further fouled with a different foulant type. The duration of each 
fouling step was dependent on the experimental design. This will be highlighted 
in the relevant sections.  
2.4.2.3 Estimation of foulant mass deposited 
To assess foulant mass deposited, the turbidity of the feed was measured 
(Eutech TN-100 turbidimeter, Thermo Fisher Scientific, USA). The turbidity was 
related to the known colloid concentration via a calibration curve and the 
turbidity was constantly determined during the filtration run. The total amount of 
foulant deposited was calculated as the difference between the initial foulant 
concentration and final foulant concentration for each turbidity measurement. 
Parts of this chapter were based on: T.O, Mahlangu, J.M. Thwala, B.B. Mamba, 
E.M.V. Hoek, R. D’Haese, A.R.D, Verliefde. Factors governing combined fouling 
by organic and colloidal foulants in cross-flow nanofiltration, Journal of 
membrane Science 491 (2015) 53–62 
 
CHAPTER 3: 
FACTORS GOVERNING COMBINED FOULING BY ORGANIC AND 
COLLOIDAL FOULANTS IN CROSS-FLOW NANOFILTRATION 
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3.1 Introduction 
As mentioned in Chapter 1, there is always controversy on the extent of flux 
decline in combined fouling. Some studies have observed more flux decline due 
to synergistic effects between the foulants (Arkhangelsky et al., 2012; Contreras 
et al., 2009; Li and Elimelech, 2006) while Lee et al. (2005) showed that actual 
flux decline due to combined fouling was less severe than that predicted from 
simple addition of the flux decline from the single organic (natural organic 
matter - NOM) and colloidal fouling. In addition, some researchers have 
observed more flux decline when fouling occurs in the presence of calcium 
while others have observed less flux decline. In order to shed more light on the 
different effects of combined fouling observed in literature, combined fouling is 
more systematically investigated in this study. Different aspects of combined 
fouling are investigated for the first time: 1) effect of the type of organic foulants 
used: in this study, alginate is used as organic foulant, and combined with two 
different types of colloids (silica and latex colloids) to foul nanofiltration (NF) 
membranes; 2) the effect of the concentrations of foulants used: It is also 
possible that the discrepancies in literature are due to differences in 
concentrations of foulants used. This effect is investigated here as well by 
increasing the concentration of organics from 50 mg/l to 150 mg/l while keeping 
that of colloids constant at 100 mg/l. Later the concentration of colloids was 
increased from 50 mg/l to 150 mg/l at constant organic concentration of 100 
mg/l: 3) the effect of multivalent ions. Although it has been shown before that 
Ca
2+
 has various effects in single and combined fouling, most studies using 
Ca
2+
 so far have focused on a single calcium concentration, and have 
compared conclusion with and without calcium. In this study, the effects of 
divalent cations on fouling are investigated by increasing calcium concentration 
while keeping foulant concentration constant. This is to elucidate why different 
observations on the effects of calcium addition have been seen in literature: 4) 
Interactions between colloids and organics are further investigated in this study 
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by carrying out a novel type of fouling experiments termed sequential fouling. In 
these experiments, the membrane is fouled with organics and colloids in 
alternating sequences. 5) Lastly, it is known that fouling is influenced by foulant-
foulant as well as membrane-foulant interactions. For alginate, correlations 
between these interactions, calculated from contact angles of membranes and 
filtered lawns of foulants based on the surface tension components approach, 
and flux declines have been shown before (Jin et al., 2009; Kim and Hoek, 
2007; Motsa et al., 2014) (see also section 2.1.2.4). To evaluate if knowledge 
on these interactions can also be used to better understand combined fouling, 
these interactions were also determined here and related to initial and later 
fouling rates to shed some light on fouling trends observed. 
3.2 Materials and methods 
3.2.1 Membrane filtration and fouling protocol 
3.2.1.1 Filtration set-up 
Filtration experiments were carried out using a custom-made 6 cells cross-flow 
membrane unit (Fig. 3.1). The cells were in a set of three and they were parallel 
to each other. The cells were fed from the same feed tank. The water was 
pressurised by means of a pump (Hydracell; Wanner Engineering, Minneapolis, 
Minnesota). Reproducible test results (in terms of flux and salt rejection) were 
obtained from the six cells (results not shown). In order to minimise sampling 
time and ensure that measurements were taken almost at the same time 
(during the course of fouling experiments), sampling was done for a set of three 
cells. Therefore, all fluxes and rejection data reported here are averages (as 
well as standard deviations) of the three membrane cells. Feed water hydraulic 
pressure and cross–flow velocity was maintained by means of back-pressure 
regulators. The feed-water temperature was kept constant by means of a 
stainless steel heat exchanger coil, immersed in the feed water tank and 
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coupled to a cooling unit (Thermo Scientific Neslab RTE-211, USA). The 
homogeneity of the feed water was maintained by magnetic stirring. 
All experiments were performed at an initial permeate flux of ~ 57 l/m
2
.h (~ 1.6 
x10
-6
 m/s) in recycling mode, with concentrate and permeate recycled to the 
feed tank. This initial permeate flux is relatively high compared to filtration in full-
scale membrane filtration plants. Higher fluxes were used to speed up the rate 
of fouling. Permeate flux determines foulant deposition rate on the membrane 
surface (Hong and Elimelech, 1997; Lee et al., 2006). Previous studies have 
shown that specific resistance of fouling layers increase with flux (or applied 
pressure) due to compression of the fouling layer (Hong and Elimelech, 1997; 
Seidel and Elimelech, 2002). Therefore, conclusions on fouling mechanisms 
from this study may differ from fouling mechanisms in full-scale plants or 
practical nanofiltration operations where lower fluxes are used. High initial flux is 
used in this study to accelerate fouling. The operational parameters used have 
been presented in section 2.4.1, respectively.  
 
Figure 3.1: Schematic diagram of the filtration system: 1: pump; 2: pressure 
gauge; 3: by–pass valve; 4: membrane module cells; 5: flow meter; 6: heat 
exchanger and P1–P6 are permeates from the membrane cells.  
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Dow-Filmtec NF-270 (Minneapolis, MN) polyamide membranes were used in 
this study. The membrane properties have been summarised in section 2.3. The 
membranes were characterised for zeta potentials, surface tension components 
and interfacial free energies of interactions as explained in sections 2.3.1 and 
2.3.2, respectively. 
Before commencement of all fouling and characterisation experiments, the 
membranes were compacted and conditioned as mentioned in section 2.4.1. 
Salt rejection and initial flux were determined and constantly monitored for a 
period of 12 h (before the fouling experiments).  
After filtration with the virgin membrane, fouling experiments were carried out as 
mentioned in section 2.4.2. Sodium alginate (Sigma Aldrich, South Africa), 
polystyrene carboxylated latex (EOC, Oudenaarde, Belgium) and silica colloids 
(Nissan Chemicals, United States of America) were selected as model organic 
and colloidal foulants. All foulant properties have been summarised in section 
2.1.1. The model foulants were characterised for zeta potentials, sizes, contact 
angles, surface tension parameters and interfacial free energies of interaction 
as mentioned in section 2.1.2. Table 3.1 shows the different physicochemical 
properties of feed solutions used in fouling studies. Foulants were dosed at 
relatively high concentrations to accelerate fouling. Fouling experiments were 
repeated with the feed containing varying concentrations of Ca
2+ 
(see section 
3.2.1.1). A fresh membrane sample was used for every experiment.  
 Table 3.1: Physicochemical properties of feed water for fouling and rejection experiments. 
Foulant solution SA (mg/l) Latex (mg/l) Silica (mg/l) NaCl (mM) CaCl2 (mM) 
Baseline 0 0 0 10 0 
SA 100 0 0 10 0 
SA + CaCl2 100 0 0 8.5 0.5 
Latex 0 100 0 10 0 
Latex + CaCl2 0 100 0 8.5 0.5 
Latex + SA 100 100 0 10 0 
Latex + SA + CaCl2 100 100 0 8.5 0.5 
Silica 0 0 100 10 0 
Silica + CaCl2 0 0 100 8.5 0.5 
Silica + SA 100 0 100 10 0 
Silica + SA + CaCl2 100 0 100 8.5 0.5 
 3.2.1.2 Experiments investigating the effects of changing calcium 
concentration on fouling 
The fouling experiments were repeated to investigate the effects of increasing 
calcium (added as CaCl2) concentration on individual and combined fouling. 
Table 3.2 shows the calcium concentrations used. At lower calcium 
concentrations, the total ionic strength was maintained at 10 mM by addition of 
NaCl so that fouling without the addition of calcium can be compared to fouling 
at lower calcium concentrations but similar ionic strength. Also for these 
experiments, the permeate flux was constantly monitored and a new membrane 
sample was used for each experiment. 
Table 3.2: Calcium concentrations used in fouling experiments. 
Calcium 
concentration  
(mM) 
NaCl  
concentration 
 (mM) 
Total ionic strength  
(mM) 
0.0 10 10 
0.5 8.5 10 
1.0 7.0 10 
3.0 1.0 10 
5.0 0.0 15 
7.0 0.0 21 
 
3.2.1.3 Experiments to assess effect of feed foulant composition 
(alginate: latex ratio) on fouling behaviour 
The effect of the ratio (or mass proportion) of organic foulant to colloidal foulant 
was evaluated at a background electrolyte of 10 mM NaCl (without the addition 
of Ca
2+
) to determine the effects of the ratio of the two foulants on mechanisms 
governing combined fouling. Table 3.3 shows foulant combinations tested. 
These kinds of experiments were conducted for varying alginate and latex 
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concentrations only. The experimental conditions were as mentioned in section 
2.4.1 and each experiment lasted for 12 h. 
Table 3.3: Varying alginate and latex concentrations. 
Foulant Solution SA (mg/l) Latex (mg/l) NaCl (mM) 
1 50 100 10.0 
2 100 100 10.0 
3 150 100 10.0 
4 100 50 10.0 
5 100 150 10.0 
 
3.2.1.4 Sequential fouling experiments 
Sequential fouling experiments were carried out by alternating the sequence of 
organic and colloidal foulants in the presence and absence of calcium as 
mentioned in section 2.4.2.2. In this chapter, sequential fouling experiments 
were carried out to investigate the influence of organic-colloid interactions as 
well as hindered back-diffusion of organics/colloids in the concentration 
polarisation layer on fouling. The concentration for all foulants was maintained 
at 100 mg/l to match with those of the other fouling experiments (see Table 3.4). 
Subsequent fouling was done in periods of 6 hours: first, the membrane was 
fouled for 6 hours with one foulant type, after which the feed water was changed 
and the fouled membrane was further fouled for an extra 6 hours with a different 
foulant type. The conductivity of the subsequent feed was adjusted (using NaCl) 
to match that of the preceding feed so that the change in flux was not due to a 
variation in feed ionic strength. For each sequential fouling experiment, a virgin 
membrane was used. 
Sequential fouling was repeated by alternating the sequence of colloid-colloid 
fouling experiments with alternative compressible colloids, latex (Gésan-Guiziou 
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et al., 2002) and silica colloids. Colloid-colloid interaction energies were 
calculated from the measured contact angles as explained in section 2.1.2.4. 
The mass deposited of colloids was measured (see section 2.4.2.3) to 
determine the extent of fouling.  
 
 Table 3.4: Composition of feed water for sequential fouling experiments: the concentration for all foulants was 
maintained at 100 mg/l. 
Experiment 
number 
Initial fouling Later fouling 
Foulant Concentration (mM) Foulant Concentration (mM) 
NaCl Ca
2+
 NaCl Ca
2+
 
1 SA 10 0 Latex 10 0 
2 SA 10 0 Latex + Ca 8.5 0.5 
3 SA + Ca 8.5 0.5 Latex 10 0 
4 Latex 10 0 SA 10 0 
5 Latex 10 0 SA + Ca 8.5 0.5 
6 Latex + Ca 8.5 0.5 SA 10 0 
7 Latex 10 0 Silica 10 0 
8 Silica 10 0 SA + Ca 8.5 0.5 
9 Silica + Ca 8.5 0.5 SA 10 0 
10 SA 10 0 Silica 10 0 
11 SA 10 0 Silica + Ca 8.5 0.5 
12 SA + Ca 8.5 0.5 Silica 10 0 
13 Silica 10 0 Latex 10 0 
14 Silica 10 0 Latex + Ca 8.5 0.5 
15 Silica + Ca 8.5 0.5 Latex 10 0 
16 Latex 10 0 Silica 10 0 
17 Latex 10 0 Silica + Ca 8.5 0.5 
18 Latex + Ca 8.5 0.5 Silica 10 0 
 3.3 Results and discussion 
3.3.1 Foulant characterisation 
The variation in zeta potential of foulants (100 mg/l) with varying Ca
2+
 
concentration is shown in Table 3.5. For all foulants, the zeta potential 
decreases with increasing Ca
2+
 concentration due to specific adsorption of Ca
2+
 
onto the foulants resulting in neutralisation. 
Table 3.5: Zeta potential of foulants at various Ca
2+
 concentrations. 
Ca
2+
 (mM) Zeta Potential (mV) 
Alginate Latex Silica 
0.0 -34.9   3.2 -47.6   2.5 -30.9   2.1 
0.5 -33.1   2.9 -23.6   1.7 -29.6   1.9 
1.0 -27.3   2.1 -12.9   1.2 -28.4   1.3 
3.0 -25.3   2.1 -10.4   1.2 -25.8   1.5 
5.0 -21.3   1.8 -8.3   0.9 -18.8   2.1 
7.0 -6.1   0.9 -1.3   0.2 -10.2   1.6 
 
In addition to zeta potential measurements, the effect of the Ca
2+
 concentration 
on foulant hydrodynamic size was also investigated for all foulants (except 
alginate). Alginate aggregates in solution resulting in low dynamic light 
scattering. This made it hard to measure its hydrodynamic sizes. The average 
hydrodynamic size for both colloids increased with increasing Ca
2+
 
concentration, further showing that these colloids interacted with the Ca
2+
; 
resulting in (partial) charge neutralisation and as a result clustering/coagulation 
(Table 3.6). The effect of Ca
2+
 on foulant size is of course dependent on foulant 
concentration. Foulant concentration was maintained at 100 mg/l in order to 
match with that used in carrying out fouling experiments. 
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Table 3.6: Colloidal hydrodynamic size as a function of Ca
2+
 concentrations. 
[Ca
2+
] (mM) Colloid particle size (nm) 
Silica Latex 
0 140.3   2.1 169.4   4.4 
0.5 140.7   2.4 170.8   1.8 
1.0 144.0   6.0 176.5   2.8 
3.0 146.2   4.1 179.5   2.1 
5.0 148.6   6.7 - 
 
3.3.2 Effect of colloid type 
The effect of single foulant fouling of the NF-270 membrane was compared to 
combined fouling for the alginate and the different colloids by running flux 
decline filtration experiments over a 12 h filtration period. The flux decline 
profiles are shown in Fig. 3.2A and Fig. 3.2B. Additive flux decline profiles 
(shown as dotted and dashed lines in Fig. 3.2) were calculated from the 
following equations (Lee et al., 2005; Li and Elimelech, 2006): 
                                              (3.1) 
 =                                  (3.2) 
where         is normalised additive flux,             is normalised flux for organic 
fouling and               is normalised flux for colloidal fouling. Equations 3.1 and 
3.2 give insight on the ideal association of two individual fouling. These 
equations are only valid when             +               > 1. When             + 
              < 1, a negative         is obtained (Lee et al., 2005). The additive flux 
approach is used in this thesis so that the findings of this study could be 
compared to those of Lee et al. (2005) as well as those of Li and Elimelech 
(2006), two landmark papers in high-pressure membrane fouling, who used a 
similar approach to investigate synergistic effects in combined fouling. 
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In the absence of Ca
2+
, alginate (SA) and silica (Si) foul the membrane to more 
or less similar extent (Fig. 3.2A). At the end of the filtration process (12 h), the 
flux declines slightly more for fouling with latex (Lat) than for SA and Si (Fig. 
3.2A). After 1 hour of fouling without the addition of calcium (or initial fouling), 
flux declines more for silica compared to fouling by latex (Fig. 3.2A). Both silica 
and latex have negative zeta potentials (see Table 3.5). There is therefore, 
electrostatic repulsion between the foulants and membrane. However, there are 
stronger electrostatic repulsions between the membrane (-17 mV) and latex 
colloids (-47.6 mV) compared to electrostatic repulsions between the membrane 
and silica colloids (-30.9 mV). In addition to electrostatic interactions, 
membrane-foulant non-electrostatic interactions and permeation drag also play 
a role in membrane fouling (Kim and Hoek, 2007; Jin et al., 2009). Initial 
deposition of foulants on the membrane surface was therefore driven by 
permeation drag. Once the electrostatic repulsion (working on relatively long 
range) energy barrier is overcome by permeation drag, attractive non-
electrostatic (short-range) membrane-foulant interactions ensure the foulant 
remains bound to the surface. At the end of the filtration run (i.e. later fouling), 
flux declines more for latex fouling compared to silica fouling. The higher flux 
decline for latex fouling compared to silica fouling can be ascribed to attractive 
non-electrostatic interactions between the latex colloids which determine later 
fouling (Kim and Hoek, 2007; Jin et al., 2009). Electrostatic repulsions between 
latex particles are expected to be stronger than that between silica colloids. 
Foulant-foulant affinity interactions will be determined in section 3.3.6. Flux 
profile for combined fouling declines slightly more than the addition of organic 
and colloidal fouling, although differences are small and no clear evidence of 
synergistic effects are seen (Fig. 3.2A).  
In the early stages of fouling with the addition of Ca
2+
 (3h), the flux declines in 
the following order: alginate > latex > silica (Fig. 3.2B). However at the end of 
the filtration process (12 h), the flux declines as follows: latex > alginate > silica. 
Flux for combined fouling with silica + alginate + Ca
2+
 declines more than that of 
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fouling by alginate + latex + Ca
2+
 (Fig. 3.2B). Flux decline for fouling with 
alginate + latex + Ca
2+
 resembles closely that of alginate + Ca
2+
. Clear evidence 
of synergistic effects is seen for silica + alginate + Ca
2+
 but not for alginate + 
latex + Ca
2+
 (Fig. 3.2B) due to competition for Ca
2+
 between the carboxylated 
latex and alginate (which also has carboxylic functional groups). This 
competition reduces alginate-Ca
2+
 complexation (Lee et al., 2005). In addition 
fouling by latex + Ca
2+
 results in less flux decline (especially in the early stages 
of fouling) compared to fouling by alginate + Ca
2+
 (see Fig. 3.2B). Therefore, 
synergistic effects are not clearly visible for combined fouling with alginate + 
latex + Ca
2+
. It may be concluded that when calcium is not added, there seems 
to be no clear effect of the colloid type on fouling. However in the presence of 
calcium, combined fouling seems to be influenced by colloid type. 
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Figure 3.2: Flux decline profiles for individual and combined fouling in the 
presence and absence of Ca
2+
: A-individual and combined fouling in the 
absence of Ca
2+
; B-individual and combined fouling in the presence of Ca
2+
. 
Dotted lines show additive flux declines for alginate + silica (SA + Si) in the 
absence and presence of calcium (Fig. 3.2A and Fig. 3.2B respectively) while 
dashed lines show additive flux declines for alginate + latex (SA + Lat) in the 
absence and presence of calcium (Fig. 3.2A and Fig. 3.2B). Flux profile for the 
baseline was obtained from filtration of deionised water + 10 mM NaCl without 
the addition of foulants. 
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3.3.3 Effect of foulant concentration (organic/colloid ratio) 
It was hypothesized here that the presence of synergistic effects may be 
controlled by the concentration ratios between organic and colloidal foulants. 
The effect on varying foulant ratios has only been investigated for fouling of NF 
membranes by different types of organics (Schäfer, 1999; Tang et al., 2007; 
Lee, 2006; Zhu et al., 1995; Zhu and Elimelech, 1997), but never for combined 
organic-colloid fouling systems. Therefore, the effect of varying organic to 
colloid concentration on combined fouling was investigated here for combined 
latex-alginate fouling. 
From Fig. 3.3A, it is observed that when alginate concentration is increased (at 
constant latex concentration), the flux decline becomes larger. The more 
alginate is added, the more the flux declines. However, there is more relative 
flux decline going from 50 mg/l alginate to 100 mg/l alginate than from 100 mg/l 
alginate to 150 mg/l alginate, although there is a similar amount of additional 
foulant added. For combined fouling at constant alginate concentration (Fig. 
3.3B), the complete opposite is seen: addition of 50 mg/l latex or 100 mg/l latex 
leads to almost the same flux decline, but much higher than fouling by just 
alginate. However, when 150 mg/l latex is added, the flux decline becomes 
lower than what is seen for 50 mg/l latex and 100 mg/l. This shows hindered 
deposition and settling of alginate (to form uniform dense layers with high 
hydraulic resistance) when the concentration of latex exceeds that of alginate. 
In order to compare short term and long term fouling between the different 
foulants, flux decline after 1 hour of fouling and after 12 hours of fouling are 
plotted against calcium concentration. In this study, flux decline after 1 hour of 
fouling is termed short term fouling while flux decline at the end of the filtration 
run (12 hours) is called long term fouling. Fig. 3.4A shows short term and long 
term flux decline for increasing alginate concentration (at constant latex 
concentration). Both short term and long term fouling increase with alginate 
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concentration. However, flux declines more for long term fouling compared to 
short term fouling.  
Different observations are made for short term and long term combined fouling 
at constant alginate concentration (Fig. 3.4B). Initial addition of 50 mg/l latex 
increases both short term and long term flux decline. However, a minor increase 
in flux decline is observed when the latex concentration is increased from 50 
mg/l to 100 mg/l. A further increase in latex concentration from 100 mg/l to 150 
mg/l results in decrease in fouling.  
  
Figure 3.3: Flux decline as a function of organic (alginate): colloidal (latex) mass concentration. A–varying organic 
concentration (50 mg/l – 150 mg/l), constant colloid concentration (100 mg/l); B–varying colloid concentration (50 mg/l – 150 
mg/l), constant organic concentration (100 mg/l). 
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Figure 3.4: Short term and long term flux decline as a function of organic 
(alginate): colloidal (latex) mass concentration. A–varying organic concentration 
(50 mg/l – 150 mg/l), constant colloid concentration (100 mg/l); B–varying 
colloid concentration (50 mg/l – 150 mg/l), constant organic concentration (100 
mg/l). 
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From the results, the following hypothesis could be made: 1) flux decline in 
combined fouling is due to entrapment of colloids in the organic layer to 
increase hydraulic resistance (Lee et al., 2005; Li and Elimelech, 2006). When 
the concentration of colloids exceeds that of organics in the feed, the 
contribution of organic fouling to overall flux decline is insignificant and colloidal 
fouling results in minimal flux decline (see flux profile for 150 mg/latex + 100 
mg/l SA in Fig. 3.3B) and 2) organics adsorb on the surfaces of colloids and 
fouling becomes a function of organic-membrane interactions and these non-
electrostatic affinity interactions are more attractive than membrane-colloid 
interactions. Adsorption of organics on the surfaces of colloids is due to 
attractive non-electrostatic interactions between the organics and colloids (Li 
and Elimelech, 2006). When the feed is dominated by colloids, there are fewer 
organics adsorbing onto surfaces of colloids and fouling becomes a function of 
membrane-colloid interactions which result in less fouling. These hypotheses 
(hypothesis 1 and 2) will be investigated in this study by carrying out sequential 
fouling experiments and computing membrane-foulant affinity interactions (see 
section 3.2.1.4). It is therefore noticeable that the ratio of organics to colloids in 
the feed influences fouling, which might explain differences in observed fouling 
trends in literature. 
3.3.4 Effect of calcium concentration 
It has been shown that Ca
2+
 has a strong effect both in single and combined 
foulants (van den Brink et al., 2009; Cornelissen et al., 2006; Hong and 
Elimelech, 1997; Mo et al., 2011; Li, 2004; Lee, 2006). In order to investigate 
the role of the divalent ion concentration in organic (100 mg/l), colloidal (100 
mg/l) and combined fouling (100 mg/l l colloidal + 100 mg/l organic), fouling 
experiments were carried out at varying Ca
2+
 concentration from 0 mM to 7.0 
mM for all foulants. Ca
2+
 was added here as CaCl2 to Milli–Q water, so CaCO3 
(calcite) scaling is not expected to play any role. This is in contrast to previous 
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literature on this topic (Schäfer, 1999; Listiarini et al., 2009a; Listiarini et al., 
2009b), whereby HCO3
-
 was also present in the foulant solution. The solubility 
of calcium chloride in water at 20 °C is 74.5g/100 ml water (or 6.7 M). The 
highest Ca
2+
 concentration used (7.0 mM) is thus approximately 960 times 
lower than the solubility limit. Also, concentration polarisation effects (  
      , where   is the concentration polarisation (CP) factor and   is mass 
transfer coefficient) at the high cross-flow velocity used are relatively minor ( -
value is high (1.28x10
-5
 m/s)). CaCl2 scaling is therefore not expected. The  -
value was estimated from          where   is concentration polarisation 
factor and   is flux. Alternatively, the  -value may be estimated from   
                    where   is the feed flow rate,   is the solute diffusion 
coefficient and     and   are channel width, channel height and channel 
length respectively. 
Figure 3.5 shows flux decline trends for single and combined fouling. An 
increase in fouling with increasing Ca
2+
 concentrations is observed for all fouling 
systems up to a concentration of 5 mM Ca
2+
 (except for latex, Fig. 3.5C). 
Noticeable flux decline upon addition of Ca
2+
 is observed for both latex and 
silica foulants (Fig. 3.5B and Fig. 3.5C), with latex showing higher reduction in 
flux compared to silica. However, when calcium concentration increases even 
further, flux decline remarkably decreases again (Fig. 3.5C). At the lowest Ca
2+
 
concentration (0.5 mM), flux decline profile for alginate + latex + Ca
2+
 (Fig. 3.5E) 
is lower (41%) than that of alginate + silica + Ca
2+
 (80%) (Fig. 3.5D). This is due 
to strong competition for calcium ions between alginate and latex which reduces 
organic-Ca
2+
 complexation (Lee et al. 2005). As mentioned before, fouling by 
latex + Ca
2+
 results in less flux decline compared to fouling by alginate + Ca
2+
. 
Therefore, at lower calcium concentrations, there is not enough calcium to 
result in significant organic-calcium complexation. This shows that the extent of 
flux decline is also influenced by calcium concentration. At higher calcium 
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concentrations, there is no large difference between combined alginate + silica 
and combined alginate + latex flux decline profiles. 
   
 
 
Figure 3.5: Effect of Ca
2+
 ions of membrane fouling by: A–alginate; B–silica C–
latex; D–combined alginate+silica; E–combined alginate+latex. Foulant 
concentrations were maintained at 100 mg/l (making the total foulant 
composition 200 mg/l for combined alginate–latex or alginate–silica fouling 
experiments). 
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 In order to compare short term and long term fouling between the different 
foulants at different calcium concentrations, short term and long term fouling are 
plotted as a function of calcium concentration. Figure 3.6 shows short term and 
long term flux decline for single and combined fouling. For short term fouling, 
there is more flux decline for all foulants (except silica) when 0.5 mM Ca
2+
 is 
added compared to fouling without the addition of calcium. When the calcium 
concentration is increased, fouling gradually declines and the lowest flux decline 
is measured at the highest calcium concentration (7 mM Ca
2+
). For long term 
fouling, an increase in fouling with increasing Ca
2+
 concentrations is observed 
for all fouling systems up to a concentration of 1 mM Ca
2+
 (except for latex+SA, 
Fig. 3.6E). Addition of calcium between 1 mM Ca
2+
 and 5 mM Ca
2+
 results in 
similar flux decline to that fouling in the presence of 1 mM Ca
2+
. However, when 
the calcium concentration exceeds 5 mM, flux decline remarkably decreases.  
The aggravated fouling for alginate with addition of Ca
2+
 (at lower 
concentrations, Fig. 3.5A) agrees with previous studies, which have related this 
to Ca
2+
 bridging between foulants and membranes and between the alginate 
molecules themselves through the carboxyl functional groups (van den Brink et 
al., 2009; Cornelissen et al., 2006; Hong and Elimelech, 1997; Mo et al., 2011; 
Li, 2004; Lee, 2006). This leads to formation of a tightly packed and stable gel 
layer with hydraulic resistance to permeate flow (Grant et al., 1973; Davis et al., 
2003). The increase in fouling (for all foulants except for silica fouling) at lower 
Ca
2+
 concentrations can be due to reduction in surface zeta potentials of the 
foulants (see Table 3.5). This reduces membrane-foulant as well as foulant-
foulant electrostatic repulsions by decreasing the electrical double layer 
repulsions (Hong and Elimelech, 1997; Lee et al., 2005; Park et al., 2008; 
Schäfer et al., 2002). At higher Ca
2+
 concentrations, interactions between 
foulants and calcium result in formation of larger foulant-Ca
2+
 flocs (see foulant 
particle sizes in Table 3.6) which give rise to lower cake resistance via the 
Carman-Kozeny equation (Listiarini et al., 2009a; Listiarini et al., 2009b) and 
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therefore, less flux decline (Listiarini et al., 2009a; Listiarini et al., 2009b; Mo et 
al., 2011).  
For combined fouling (Fig. 3.5D and Fig. 3.5E), the flux decline trends observed 
with increasing calcium concentrations, appear to resemble the fouling trends 
for single alginate more than the trends observed for other foulants (Fig. 3.5A). 
A number of explanations have been given in literature for this fouling trend: 1) 
the organics are entrapped in the colloid cake layer, and as such the fouling 
properties are dominated by alginate physico-chemical properties, and not 
those of the colloids (Lee et al., 2005; Li and Elimelech, 2006); 2) alginate 
adsorbs onto the colloids and initial fouling is controlled by membrane-alginate 
interactions while later fouling is controlled by interactions between alginate 
molecules absorbed on adjacent colloids (Li and Elimelech, 2006).  
To investigate the interactions between the alginate and the colloids, and the 
hypotheses mentioned above in more detail, sequential fouling experiments 
were carried out in the section 3.3.5. 
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Figure 3.6: Effect of Ca
2+
 ions on short term and long term membrane fouling 
by: A-alginate; B-silica C-latex; D-combined alginate+silica; E-combined 
alginate+latex. Foulant concentrations were maintained at 100 mg/l (making the 
total foulant composition 200 mg/l for combined alginate-latex or alginate–silica 
fouling experiments). 
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3.3.5 Sequential fouling 
3.3.5.1 Sequential fouling experiments to further investigate 
organic-colloid combined fouling 
As mentioned before, the objective of these sequential experiments was to 
investigate the effects of organic-colloid interactions during combined fouling. 
Factors such as entrapment of colloids in the organic layer; and hindered back-
diffusion of organics by colloids are believed to play a vital role in combined 
fouling. To further study these effects, fouling experiments were therefore 
carried out sequentially. NF sequential fouling experiments were performed by 
altering the addition of foulants after 6 hours of initial fouling with another type of 
foulant and measuring flux decline with time. The time at which subsequent 
foulant was added is shown using an arrow. For most fouling systems, the flux 
profiles stabilised after 6 hours of fouling (Fig. 3.2, Fig. 3.3 and Fig. 3.5). The 
influence of subsequent fouling with another type of foulant can only be noted 
when fouling is done after a stable flux has been reached to ensure that further 
decline in flux is due to the subsequent foulant only. Therefore, the subsequent 
foulant was introduced after 6 hours of initial fouling. A new fouling layer (of a 
different type of foulant) will deposit on the previously formed cake layer.  
Figure 3.7 shows sequential fouling results whereby the starting foulant (x) is 
presented in square brackets ([x]). In cases where initial fouling was carried out 
with the addition of 0.5 mM Ca
2+
, the preceding foulant is shown as [x + Ca].  
Figure 3.7A shows flux decline for sequential fouling experiments where silica 
was added as single foulant 6 h after fouling with alginate as single organic 
foulant was initiated. Figure 3.7B show sequential fouling where the single 
organic foulant was added after fouling with silica over a 6 h period. Addition of 
silica after fouling with organic foulant did not further decrease flux over the 6 h 
period, i.e., the flux remained stable, indicating that no colloids were deposited 
 Chapter 3: Factors governing combined fouling by organic and colloidal foulants in cross-flow 
nanofiltration 
74 
 
on the membrane surface, or that the layer did not impart extra hydraulic 
resistance. Sequential fouling whereby the organic foulant was added after the 
silica colloids, did result in further flux decline (from J/J0 = 0.8 to J/J0 = 0.68 over 
the additional 6 h).  
Similar observations were made for sequential fouling with alginate and latex 
(see Fig. 3.8). Addition of latex after initial fouling with alginate did not decrease 
flux (J/J0 remained stable around 0.77) over the 6 h period (Fig. 3.8A). 
Sequential fouling with alginate after latex resulted in further decline in flux 
(from J/J0 = 0.95 to J/J0 = 0.55) over the additional 6 h (Fig. 3.8B). It was noted 
that flux decline rates decreased with time and stabilized for some fouling 
systems (Fig. 3.7 and Fig. 3.8). This was due to reduction of foulant 
concentrations in the feed leading to reduced fouling rates. The decrease in 
foulant concentration was measured as change in turbidity for colloidal fouling 
(see section 2.4.2.3). Fluxes stabilized for systems where the maximum flux 
decline due to fouling was attained. 
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Figure 3.7: Sequential alginate-silica (SA-Si) fouling and alginate-latex (SA-Lat) 
fouling: A-initial fouling with alginate (for SA-Si) and B-initial fouling with silica 
(for Si-SA). The initial foulant is shown in square brackets ([ ]).  
0.2 
0.4 
0.6 
0.8 
1 
0 2 4 6 8 10 12 
J/
J 0
 (
-)
 
Time (h) 
[SA] + Si [SA+Ca] + Si [SA] + Si + Ca A 
Introduction of subsequent 
0.2 
0.4 
0.6 
0.8 
1 
0 2 4 6 8 10 12 
J/
J 0
 (
-)
 
Time (h) 
[Si]+ SA [Si+Ca]+SA [Si]+SA+Ca B 
Introduction of subsequent foulant 
 Chapter 3: Factors governing combined fouling by organic and colloidal foulants in cross-flow 
nanofiltration 
76 
 
  
  
Figure 3.8: Sequential alginate-latex (SA-Lat) fouling: A-initial fouling with 
alginate (for SA-Lat) and B-initial fouling with latex (for Lat-SA). The initial 
foulant is shown in square brackets ([ ]). 
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For all cases (Fig. 3.7), there was a minor decline in flux when fouling was 
initiated in the presence of Ca
2+
 and later fouled without the addition of Ca
2+
. 
However, subsequent fouling in the presence of Ca
2+
 resulted in further flux 
decline. This shows that silica + Ca
2+
 and latex + Ca
2+
 have much more 
pronounced effects on subsequent (and potentially combined) fouling than just 
silica and latex.  
For both experiments, flux declines with varying severity or magnitude due to 
the differences in fouling mechanisms and propensity between organics and 
colloids (and amongst colloids) and also the variations between foulants’ affinity 
for the membrane surface. In addition, there was further decline in flux upon 
subsequent fouling when the second foulant was added before the flux (for 
initial fouling) declined to critical flux levels. From the results, it is apparent that 
hindered back-diffusion of organics by already deposited colloids is indeed 
playing a role, thereby agreeing with previous literature reports (Lee et al., 
2005; Li and Elimelech, 2006). When the colloid fouling layer is already present, 
adding alginate leads to further flux decline. Alginate is able to penetrate the 
colloidal fouling layer, and accumulates further in this layer, leading to further 
flux decline. On the other hand, adding colloids after alginate fouling does not 
decrease flux further, indicating that the deposited alginate layer prevents 
colloids from settling on the membrane and penetrating in the alginate fouling 
layer, thus avoiding further flux decline. It is also clear that addition of Ca
2+
 
promotes fouling (or foulant deposition) by reducing repulsive interactions 
between the colloids and organics or by promoting adsorption of the colloids 
onto the organics (by increasing organic-colloid affinity interactions or by 
calcium bridging between colloids and organics). 
 Chapter 3: Factors governing combined fouling by organic and colloidal foulants in cross-flow 
nanofiltration 
78 
 
3.3.5.2 Sequential fouling experiments to explain different fouling 
trends between different colloids 
Comparing the latex and silica colloids, it may be noted that they have more or 
less the same zeta potentials and hydrodynamic size. Therefore the variation in 
fouling behaviour may not be mainly due to size and zeta potential differences. 
Because of similar sizes, penetration of the latex layer by silica colloids to result 
in further flux decline is not expected. Likewise latex may not penetrate silica 
cake layers. 
Initial fouling with silica colloids followed by fouling with latex does not result in 
further flux decline (Fig. 3.9A). However, there is further decline in flux when 
fouling is initiated with latex, followed by silica fouling (Fig. 3.9B). Some 
explanations might be: 1) the silica colloids penetrate more into the latex cake 
layer than the latex penetrating the silica; 2) the latex cake layer is compressed 
upon deposition of silica colloids. 
It is unlikely that silica penetrates deeper into the latex cake than the other way 
around, because the colloids have more or less the same sizes (see Table 3.6). 
It was noted that the differences between the final flux readings are very close 
for the sequential fouling experiments (Fig. 3.9). This shows that the fluxes 
declined to reach the critical flux levels (i.e. the minimum flux below which a 
decline in flux (due to fouling) over time does not occur). Therefore no further 
flux decline was observed when subsequent fouling was carried out (Field et al., 
1995; Tang et al., 2011). 
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Figure 3.9: Sequential silica-latex (colloidal-colloidal) fouling: A-initial fouling 
with silica (for Si-Lat); B-initial fouling with latex (for Lat-Si). 
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3.3.6 Interactions controlling organic and colloidal fouling 
Membrane fouling has been shown to be influenced by membrane-foulant 
interactions as well as foulant-foulant interactions (Jin et al., 2009; Kim and 
Hoek 2007; Motsa et al., 2014). The effect of these interactions was 
investigated further in this study to gain more insight in organic-colloid 
interactions which may explain favourability of foulant deposition and hence flux 
decline trends in single and combined fouling. 
3.3.6.1 Membrane-foulant and foulant-foulant interaction energies 
Contact angles of membranes and foulants (in the presence and absence of 
calcium) are shown in Tables 3.7. The addition of calcium increase water 
contact angles of all foulants (except for silica, see Table 3.7). From the 
measured contact angles, membrane as well as foulant surface tension 
components were computed as explained in section 2.1.2.4. All surface tension 
parameters are presented in Table 3.8. The Lifshitz-van der Waals components 
dominate the surface tension parameters for both foulants and membranes. 
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Table 3.7: Contact angles used in determination of membrane and foulant 
surface tension parameters. The results are presented at 95% confidence 
interval for   = 30. 
 Contact angle (
o
) 
Water Diiodomethane Glycerol 
Clean membrane 43 ± 0.7 60 ± 1.4 88 ± 1.8 
SA 71 ± 0.7 50 ± 1.1 80 ± 1.4 
SA + Ca
2+
 89 ± 1.4 44 ± 1.1 60 ± 1.1 
silica 37 ± 0.7 27 ± 0.7 33 ± 0.7 
silica + Ca
2+
 28 ± 0.4 20 ± 0.4 33 ± 0.7 
silica + SA 71 ± 1.1 50 ± 1.1 80 ± 1.8 
silica + SA + Ca
2+
 89 ± 1.4 44 ± 1.1 60 ± 1.4 
latex 83 ± 1.4 32 ± 0.7 77 ± 1.4 
latex + Ca
2+
 109 ± 1.8 34 ± 0.7 82 ± 1.8 
latex + SA 104 ± 1.8 50 ± 1.1 50 ± 1.1 
latex + SA + Ca
2+
 107 ± 1.1 38 ± 0.7 65 ± 1.4 
 
Table 3.8: Membrane and foulant surface tension components at 95% 
confidence interval (  = 30). 
 Surface tension components (x10
-18
 mJ/m
2
) 
γ
LW
 γ
+
 γ
-
 γ
 TOT
 
Clean membrane 25 ± 0.5 0  49 ± 0.9 26 ± 0.5 
SA 31 ± 0.6 0 17 ± 0.5 31 ± 0.6 
SA + Ca
2+
 37 ± 0.6 2 ± 0.1 0 38 ± 0.8 
silica 45 ± 0.8 1 ± 0.1  31 ± 0.6 58 ± 1.1 
silica + Ca
2+
 47 ± 0.9 1 ± 0.1 41 ± 0.8 58 ± 1.2 
silica + SA 31 ± 0.8 0 17 ± 0.3 31 ± 0.7 
silica + SA + Ca
2+
 37 ± 0.8 3 ± 0.1 0 37 ± 0.6 
latex 41 ± 0.7 0 4 ±  41 ± 0.9 
latex + Ca
2+
 38 ± 0.8 0 0 38 ± 0.8 
latex + SA 33 ± 0.6 3 ± 0.1 0 33 ± 0.6 
latex + SA + Ca
2+
 40 ± 0.9 0 19 ± 0.2 40 ± 0.9 
 
Membrane-foulant as well as foulant-foulant interactions were computed from 
membrane and foulant surface tension parameters. In calculating surface 
tension components and interaction energies, a surface roughness ratio ( ) is 
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used. Ideally the surface roughness ration (r) for membranes with rough 
surfaces can be determined as the Wenzel’s roughness ratio using atomic force 
microscopy or AFM (Wenzel, 1936; Kim and Hoek, 2007). Surface roughness 
ratio can be calculated using the Wenzel equation as:             ; where 
  is the measured contact angle and   is the young contact angle. However, 
as the NF-270 membrane used in this study has a very smooth surface with 
roughness of 4.1 nm (Nghiem et al., 2011), a surface roughness ratio r = 1 was 
assumed here and used in the calculation of interaction energies. Attractive 
interactions (negative       values) between the membrane and all foulants 
were computed (see Table 3.9). The interactions were attractive because the 
Lifshitz-van der Waals component for the liquid (w) was smaller than that of the 
membrane (m) and foulant or solute (s) (i.e.   
   <   
   and   
   <   
  ) (van 
Oss et al., 1988). Based on the Lewis acid-base components, interactions are 
attractive because   
  <   
  and   
  >   
  (van Oss et. al., 1988). Attractive 
membrane-foulant interactions indicate that deposition of foulants on the 
membrane surface based on membrane-foulant attractive interactions was 
favourable (Jin et al., 2009; Kim and Hoek, 2007; Motsa et al., 2014). The 
attractive interactions increased further (decrease in       values) with addition 
of 0.5 mM Ca
2+
.  
Table 3.9: Various membrane-foulant (or solute) interactions determining initial 
membrane fouling. The results are presented at 95% confidence interval for   = 
30. 
Interaction type Interaction energy (x10
-18
 mJ/m
2
) 
Membrane – silica -1.9 ± 0.1 
Membrane – [silica + 0.5 mM Ca
2+
] -7.8 ± 0.1 
membrane – alginate -24.7 ± 0.5 
membrane – [alginate + 0.5 mM Ca
2+
] -37.0 ± 0.6 
membrane – latex -12.4 ± 0.3 
membrane – [latex + 0.5 mM Ca
2+
] -32.3 ± 0.6 
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In addition to membrane–foulant interactions, foulant–foulant interactions were 
calculated (see Table 3.10). The interactions increased with addition of 0.5 mM 
Ca
2+
 agreeing with literature findings (Motsa et al., 2014).  
Adhesion energies (i.e. membrane-foulant interactions) are attractive between 
the membrane and all foulants. For fouling in the presence and absence of 
calcium, silica-membrane interactions are the least attractive while alginate-
membrane interactions are the most attractive. Due to the presence of attractive 
membrane-foulant interactions, flux decline for all foulants within the first hour of 
fouling (see Fig. 3.2). Initial fouling in the presence of calcium was in the 
following order: alginate > latex > silica. Interaction energies between 
membranes and foulants in the presence of calcium were more attractive than 
membrane-foulant interactions in the absence of calcium. This explains the 
higher initial flux decline for fouling in the presence of calcium compared to 
initial flux decline for a similar foulant in the absence of calcium (see Fig. 3.2A 
and Fig. 3.2B). For later fouling, cohesion energies (i.e. interactions between 
similar foulants) were attractive. Non-electrostatic interactions between latex 
particles were the most attractive while interactions between silica colloids were 
the least attractive. This explains the higher flux decline for latex fouling 
compared to silica fouling after 12 hours of filtration (Fig. 3.2A).  
To ensure that the further decline in permeate flux for sequential silica-latex 
fouling was not due to more silica mass deposited (when latex was used as 
initial foulant), the mass deposited onto the membranes upon later fouling was 
determined from the decrease in turbidity of the feed water. More or less the 
same amounts of silica and latex colloids were deposited in both cases (see 
Table 3.11). It is therefore plausible that the further decline in flux when fouling 
was initiated with latex, followed by silica fouling, was due to compression of the 
latex cake layer (Gésan-Guiziou et al., 2002). 
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Table 3.10: Various organic-colloid and colloid-colloid affinity interactions 
determining subsequent fouling at 95% confidence interval (  = 30). 
Interaction type 
Interaction energy (x10
-18
 mJ/m
2
) 
alginate – alginate -20.1 ± 0.4 
latex – latex -67.9 ± 1.2 
silica – silica -1.8 ± 0.0 
silica – alginate -6.1 ± 0.1 
silica – [alginate + Ca
2+
] -41.4 ± 0.8 
[silica + Ca
2+
]- alginate -8.1 ± 0.2 
alginate – latex -43.5 ± 0.8 
[alginate + Ca
2+
] – latex -67.3 ± 1.2 
alginate – [latex + Ca
2+
] -62.8 ± 1.1 
silica – latex -28.3 ± 0.5 
silica – [latex + Ca
2+
] -41.0 ± 0.8 
[silica + Ca
2+
] – latex -27.8 ± 0.5 
 
Table 3.11: Foulant mass deposited upon subsequent fouling. 
Experiment 
Amount deposited (mg/m
2
) 
[Lat] + Si 2765 ± 50 
[Lat] + Si + Ca 2901 ± 35 
[Lat + Ca] + Si 2344 ± 47 
[Si] + Lat 2346 ± 32 
[Si] + Lat + Ca 3367 ± 59 
[Si + Ca] + Lat 3105 ± 48 
 
3.3.6.2 Relation between flux decline and interaction energies 
Initial and later flux decline rates were plotted as a function of interaction 
energies so that the potential relation between the extent of fouling and foulant-
membrane as well as foulant-foulant interactions could be determined. Initial 
membrane fouling rates were plotted against membrane-foulant interactions 
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(Fig. 3.10A) and later fouling rates were plotted against foulant–foulant 
interaction energies (Fig. 3.10B). In this study, initial fouling rates were 
calculated from the slopes of relative flux curves of 0 h – 1 h of individual fouling 
(Fig. 3.5A, Fig. 3.5B and Fig. 3.5C). Latter fouling rates (where foulant–foulant 
interactions take place) were calculated from the slopes of fouling from 6 h – 7 h 
for sequential fouling experiments (Fig. 3.7, Fig. 3.8 and Fig. 3.9). Slopes for 1 h 
after introduction of second foulant were taken because the foulants coming 
from the feed interact with those on the membrane surface.  
There is a clear negative correlation between initial fouling rates and interaction 
energies (Fig. 3.10A). However, above a certain point (when foulant-membrane 
interactions becomes less negative), fouling rates do not decline further, mainly 
because flux decline at those points is very low, and there is still a driving force 
of foulants towards the membrane surface. As such, it is clear that foulant-
membrane interactions do influence initial foulant deposition. Later fouling rates, 
however, did not show a clear relationship with foulant-foulant interactions (Fig. 
3.10B). The main reason for this is that further flux decline is not only influenced 
by attractive/repulsive interactions of the foulants anymore, but also due to 
effects such as hindered back-diffusion of organics in the colloid layer and 
entrapment of organics in the organic layer. These mechanisms have been 
shown clearly in the previous paragraphs. 
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Figure 3.10: Correlation between fouling rates and interaction energies: A-initial 
fouling rate (membrane-foulant interactions); B-later fouling rate (foulant-foulant 
interactions). 
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3.4 Conclusions 
In this chapter, factors affecting the extent of flux decline in combined organic-
colloidal fouling were investigated in more detail, to shed more light on 
contrasting observations made in literature on combined fouling. It was found 
that, depending on the organic-colloid concentration ratio, combined fouling 
may results in flux decline more than that of fouling by individual foulants (or the 
addition of these fouling curves) or not. In addition, it was found that the type of 
colloid also plays an important role: for compressible colloids, it was 
hypothesised from sequential fouling results that flux declines due to 
compression of the colloidal cake layer in addition to increase in hydraulic 
resistance. 
 
Fouling is mostly aggravated in the presence of calcium, however when the 
calcium concentration reaches a certain limit (depending on the type of foulant), 
fouling is less severe. This was not observed for combined fouling layers, most 
likely due to too low calcium concentrations to neutralize both the colloids and 
the organics. This points at the importance of mentioning the calcium 
concentrations clearly when reporting on the effect of calcium on flux decline. 
Initial membrane fouling appears to be controlled by membrane-foulant affinity 
interactions. However, there is less influence of colloid-organic affinity 
interactions in combined fouling, and other mechanisms play a role. More 
specifically, flux decline in combined fouling appears to be (partly) due to 
organics penetrating in the colloid cake layer, leading to enhanced fouling. 
Lesser entrapment of colloids in the organic layer is seen. This was investigated 
using novel sequential fouling experiments.  
 Parts of this chapter were based on: O.T. Mahlangu, E.M.V. Hoek, B.B. Mamba, 
A.R.D. Verliefde, Influence of organic, colloidal and combined fouling on NF 
rejection of NaCl and carbamazepine: role of solute-foulant-membrane 
interactions and cake-enhanced concentration polarization, Journal of 
Membrane Science 471 (2014) 35 – 46.  
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4.1 Introduction 
In Chapter 3, it has been shown that the presence of organic and colloidal 
foulants in the feed may result in membrane fouling and thereby reduce 
permeate flux. In this chapter, the effect of fouling on trace organic rejection is 
investigated. As mentioned in the first chapter, the effect of fouling on rejection 
of organics has been reported in literature. Depending on the foulant type, a 
decrease or increase in rejection may be observed (Ng and Elimelech, 2004; 
Verliefde et al., 2009). Generally, increase in rejection after fouling was 
attributed to the formation of a more dense layer which serves as an additional 
fouling layer (Verliefde et al., 2009). Discrepancies in solute rejection by fouled 
membranes compared to clean ones are attributed to cake-enhanced 
concentration polarisation (Lee et al., 2004; Ng and Elimelech, 2004). However, 
we hypothesise that cake-enhanced concentration polarisation might not always 
be the single factor, as there might be other parameters which may determine 
solute rejection. The factors may include changes in membrane surface 
properties due to fouling. What many authors fail to assess well is the simple 
operational consequence of a decrease in permeate flux due to fouling on 
rejection. They also fail to acknowledge the simple transport phenomenon that 
fouling results in reduced flux (when fouling is carried out at constant pressure), 
and following the simple solution-diffusion model, it is clear that a reduction in 
flux will result in reduced rejection. This study will show that cake-enhanced 
concentration polarisation is not substantial for some foulants and it is not the 
sole component that explains poor membrane performance in terms of solute 
rejection upon fouling.  
The thrust of the study lies in investigating the effects of combined organic and 
colloidal fouling on membrane filtration performance in terms of solute (salt and 
carbamazepine) rejection. The interest was in investigating whether the decline 
in solute rejection was due to cake-enhanced concentration polarisation, a 
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decline in permeate flux or a combination of both. The effect of flux decline on 
solute rejection was filtered out in order to validate if cake-enhanced 
concentration polarisation was significant for the fouling experiments. The cake-
enhanced concentration polarisation model was used to predict solute 
rejections, and this was compared to observed rejections. 
4.2 Materials and methods 
4.2.1 Model trace organic and analysis 
Carbamazepine was used as a model trace organic, because it is a widely used 
as an anti-epileptic drug and has been frequently detected at trace level in raw 
and secondary treated sewage (Vogel et al., 2010). Its neutral charge gives an 
advantage of eliminating charge effects in investigating factors playing a role in 
its rejection, as those effects are not the subject of this study. Carbamazepine is 
an anticonvulsant and mood stabilizing drug commonly used in the treatment of 
epilepsy and bipolar disorders. The physico-chemical properties of the organic 
are listed in Table 4.1. Carbamazepine was analysed as total organic carbon 
(TOC) using a TOC analyser (Shimadzu TOC-VCSH, Shimadzu Scientific 
Instruments, USA) with a limit of detection of 0.1 mg/l. Carbamazepine was 
dosed in concentrations of 10 mg/l to be able to measure 98% rejection of 
carbamazepine. The rejection of trace organics has been shown to be relatively 
independent of solute concentration in the feed, as long as the concentration 
range is not in the g/l range (Van der Bruggen et al., 1998; Zhang et al., 2004; 
Verliefde et al., 2008). Therefore, the high dose of carbamazepine is not 
expected to influence results of this study. Also, high trace organic 
concentrations are common in pharmaceutical manufacturing wastewaters. 
Alginate and/or latex did not influence TOC measurements in the permeate 
since rejection of these foulants was complete. 
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Table 4.1: Physical properties of carbamazepine (Vogel et al., 2010). 
Parameter Quantity 
Solubility 121 mg/l 
pKa 13.9 
Log Kow 2.45 
Charge at pH 7
 
Neutral 
Molecular weight 236.28 g/mol 
Molecular width 0.507 nm 
Molecular height 0.529 nm 
Molecular length 0.891 nm 
Molecular formula C15H12N2O 
4.2.2 Membrane set-up and filtration protocol 
Filtration experiments were carried out on a custom-made DDS RO-System, 
Module: 20 2 LAB U; Serial No.: 8208364; Patent No.: 3623610 (De Danske 
Sukkerfabrikker DDS RO-Division, DK-4900 Nakskov, Denmark). The set up 
consisted of a cylindrical cell in which membranes were packed in circular plate 
and frame modules (see Fig. 4.1). For these experiments, only one plate was 
used. The membrane used for all filtration experiments is a Dow–Filmtec NF-
270 (Minneapolis, MN) polyamide membrane. This membrane was 
characterized (see section 2.3) and used in fouling experiments presented in 
Chapter 3. The total membrane area was 0.04 m². Feed was delivered to the 
cell via a piston pump (Rannie High Pressure Pump, N˚ 82172, 04-03, Ernest 
Fleming Machinery and Equipment Pty Ltd, Australia).  
All experiments were started at an initial flux of ~ 8.86x10
-6
 m/s (~ 32 l/m
2
.h) in 
recycling mode, with concentrate and permeate recycled to the feed tank. High 
initial flux was used so that trace organic rejection could be measured at fluxes 
identical to practical nanofiltration fluxes when fouling occurs. Cross-flow 
velocity was set and kept constant at 0.2 m/s by adjusting the by-pass valve. 
The feed water temperature was maintained at 25 ± 2 ˚C by means of a 
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stainless steel heat exchanger coil, immersed in the feed water tank and 
coupled to a cooling unit (Julabo F26, Analis, Belgium).  
After membrane preparation as mentioned in section 2.4.1, filtration 
experiments were carried out at 4 bar with different types of foulant solutions 
(Table 4.2). At 4 bar, the initial flux was already higher than practical 
nanofiltration fluxes of ~20 l/m².h. Therefore, working at pressures higher than 4 
bar would result in fluxes unrepresentative of practical nanofiltration fluxes. 
Foulants were dosed in concentrations of 20 mg/l (sodium alginate or SA), 30 
mg/l (latex) and 30 mg/l (aluminium oxide or Al2O3), in order to simulate real 
water samples. All foulants were characterized as explained in section 2.1.2. 
 
Figure 4.1: Schematic diagram of the experimental setup. 1: by-pass valve, 2: 
pump, 3: heat exchanger, 4: membrane cell, 5: pressure gauge, 6: flow meter. 
All solutions had a background electrolyte concentration of 10mM NaCl. Fouling 
experiments were repeated with the addition of 0.5 mM CaCl2 so that the effect 
of the presence of Ca
2+
 on fouling behavior and rejection of NaCl and 
carbamazepine could be compared. It has to be emphasized that NaCl rejection 
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by the membrane fouled by a foulant solution containing calcium ions can be 
compared to that obtained with the membrane fouled by the same foulant in the 
absence of calcium ions because CaCl2 concentration is much less than NaCl 
concentration. This is because rejection of NaCl can be significantly affected by 
the presence of CaCl2 at higher concentrations (Kilduff et al., 2004). The 
influence of the presence of calcium on rejection of NaCl was not evaluated in 
this thesis since only total salt rejection was measured by using conductivity as 
proxy. 
During the fouling runs, carbamazepine (10 mg/l) was dosed to the feed water 
as well and the rejection was monitored. 
Table 4.2: Physicochemical properties of feed water for fouling and rejection 
experiments. 
Foulant solution SA  
(mg/l) 
Latex  
(mg/l) 
Al2O3  
(mg/l) 
NaCl  
(mM) 
CaCl2  
(mM) 
Clean
1
 0 0 0 10 0 
SA 20 0 0 10 0 
SA + CaCl2 20 0 0 8.5 0.5 
Latex 0 30 0 10 0 
Latex + CaCl2 0 30 0 8.5 0.5 
Latex + SA 20 30 0 10 0 
Latex + SA + CaCl2 20 30 0 8.5 0.5 
Al2O3 0 0 30 10 0 
Al2O3 + SA + CaCl2 20 0 30 8.5 0.5 
 
All filtration experiments were carried out for 72 h so that the effects of 
adsorption of carbamazepine on the surfaces of virgin and fouled membranes 
could be minimised (Verliefde et al., 2009). Permeate flux, salt rejection, as well 
                                                 
1
 The membrane was defined as clean when filtration was done with the feed 
water containing no foulant. 
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as carbamazepine rejection were monitored over time for the duration of the 
experiments. To evaluate the flux decline between clean and fouled membranes 
with different foulants, the normalized flux was used. The amount of total 
organic carbon (TOC) in both the feed and permeate water was analysed to 
determine rejection of carbamazepine. Rejections were calculated using 
Equation 1.1. Feed and permeate water samples were collected at specific time 
intervals. 
4.2.3 Modeling of the effects of fouling on solute rejection 
4.2.3.1 The solution-diffusion model 
According to the solution-diffusion model, the water flux (  ) and solute flux (  ) 
are given as equations 4.1 and 4.2 (Verliefde et al., 2013): 
   
       
  
  
          
   
                 (4.1) 
   
    
  
                             (4.2) 
where   is diffusion coefficient, Ø is the partitioning coefficient, C is 
concentration,    is molar volume,    is the osmotic pressure,   is the gas 
constant,   is absolute temperature,    water permeability constant,    is the 
membrane thickness and   is the solute permeability constant. The superscripts 
 ,  ,   and   stand for water, solute, feed and permeate respectively. Rejection 
is related to water flux and solute permeability constant during filtration as 
shown in equation 4.3 (Verliefde et al., 2013). 
     
    
    
 
  
      
 
          
              
      (4.3) 
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From the rejection as a function of flux, it can be inferred that rejection will 
increase with increasing permeate flux (which increases with applied pressure). 
This is because the increasing water flux has a diluting effect (Verliefde et al., 
2013). It has to be noted that Equation 4.3 is only valid if concentration 
polarisation (CP) is not taken into account. 
Additional experiments to determine the relationship between permeate flux and 
salt and carbamazepine rejection were carried out for the clean membrane and 
curves were fitted based on the solution-diffusion model. The transmembrane 
pressure was varried from 1 bar to 6 bar to obtain different fluxes and rejection 
values as a function of flux. Repetitions were done to evaluate data 
reproducibilty and averages were taken and reported. The results for the clean 
membrane were used to filter out the effects of flux decline due to fouling 
(carried out at applied pressure of 4 bar) on solute rejection and to determine if 
the presence of a fouling layer improved or worsened rejection. Predictive salt 
and carbamazepine-rejection values for the clean membrane were fitted based 
on experimental data. 
4.2.3.2 Cake enhanced concentration polarisation 
The cake-enhanced concentration polarisation model has been previously used 
and reported in literature. Detailed explanations about the model can be found 
elsewhere (Hoek and Elimelech, 2003; Hoek et al., 2002). Basically 
concentration polarisation aggravates the osmotic pressure difference that 
exists between the feed and the permeate side of the membrane by increasing 
solute concentration on the membrane surface. This concentration increase will 
also occur for organic micropollutants, thus affecting their apparent rejection 
(since rejection is no longer determined by bulk solute concentration in the feed, 
but by the concentration at the membrane surface). The concentration 
polarisation (CP) factor ( ) is defined by the film theory as follows (Sutzkover et 
al., 2000): 
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        (4.4) 
where Cm, Cp and Cb are solute concentrations on the membrane surface, 
permeate side of the membrane and bulk solution respectively,   is the solute 
mass transfer coeffient and    is solvent flux. Generally in nanofiltration of salts, 
the solute mass transfer coefficient (k) is a function of the feed flow rate ( ), the 
solute diffusion coefficient ( ), and channel width ( ), channel height ( ) and 
channel length ( ). It is given by (Hoek and Elimelech, 2003): 
        
    
    
 
 
        (4.5a) 
k can also be determined from empirical correlations such as the Shock and 
Miquel correlation (Schock and Miquel, 1987): 
   
   
  
                         (4.5b) 
where    is the Sherwood number,    is the hydrodynamic diameter,    is the 
Reynolds number and Sc is the Schmidt number. It has to be noted that 
Equation 4.5a is valid for laminar flow in a thin rectangular channel while 
Equation 4.5b is valid for a flat channel with a spacer. All filtration experiments 
reported in this study were carried out under laminar cross-flow hydrodynamic 
conditions. The cross-flow cell has a thin rectangular channel, making the use 
of Equation 4.5a to calculate   ideal. 
The concentration polarisation effect needs to be incorporated into the 
traditional flux equation for NF/RO as follows: 
   
      
   
        (4.6) 
where           is the effective transmembrane osmotic pressure (with    
and    being the osmotic pressure in the feed and permeate sides of the 
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membrane respectively) and    is transmembrane resistance. Concentration 
polarisation thus reduces flux by increasing the transmembrane osmotic 
pressure.  
The presence of a layer of foulants on the membrane surface promotes 
hindered back-diffusion of solutes away from the membrane surface, and thus 
results in an increased concentration of salts at the membrane surface. This is 
referred to as cake-enhanced concentration polarisation (CECP). The 
concentration polarisation factor in this case is thus presented as      . The 
hindered mass transfer coefficient term (  ) which relates to the hindered mass 
diffusion coefficient (  ) and cake thickness (  ), can be described as: 
       
 
  
 
 
 
  
 
 
         (4.7)  
The hindered diffusion coefficient is given by    = D   
-1
 where    is cake 
porosity and   = 1-ln(  
2
) is tortuosity (Boudreau, 1996).  
In the cake-enhanced concentration polarisation mode, the reduction in flux due 
to fouling is not only ascribed to an increase in membrane resistance     due to 
cake formation, but also the aggravation of concentration polarisation by the 
cake, leading to the so-called cake-enhanced concentration polarisation. As 
such, the equation for flux after fouling becomes equal to: 
   
          
        
       (4.8) 
Where Rc  is the hydraulic resistance of the fouling cake, and       the cake-
enhanced concentration polarisation.    relates to the deposit layer thickness 
(  ), porosity (  ), particle density (  ) and particle diameter (  ) through the 
Carman-Kozeny equation as (Jin et al., 2009): 
    
         
    
   
                     (4.9) 
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A model for permeate flux for a fouled membrane therefore incorporates the 
hindered diffusion of solutes. The hindered mass transfer coefficient is included 
into the flux equation (equation 4.8) as it relates to the transmembrane osmotic 
pressure drop through: 
                        
  
  
     (4.10) 
where fos represents an osmotic coefficient used to change the molar salt 
concentration to osmotic pressure (in this case via    ) (Song et al., 2002). 
The cake-enhanced concentration polarisation model is used in this study to fit 
flux decline data. Assuming the model porosity of 0.4 (which is acceptable for 
randomly formed cake layers (Hoek and Elimelech, 2003)), the only fitting 
parameter in Equation 4.8 to fit measured fluxes to the cake-enhanced 
concentration polarisation model, is the cake-thickness   , which increases with 
increasing fouling. Once the cake thickness as a function of time was known, 
the cake-enhanced concentration polarisation model was then used to model 
carbamazepine rejection using Equation (4.11) by assuming a constant intrinsic 
rejection (     
  
  
, where    is solute concentration inside the membrane). 
      
    
       
  
     
  
       (4.11) 
4.3 Results and discussion 
4.3.1 Effects of fouling on permeate flux 
Figure 4.2 shows the relative flux decline observed during the different fouling 
experiments. All experiments were repeated twice to check reproducibility. 
Averages and standard deviations (shown as error bars) are presented. The 
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flux for the clean membrane did not decline noticeably for the duration of the 
experiment because of the 24 h compaction prior to fouling experiments.  
When sodium alginate was added to the feed water, a pronounced flux decline 
(15%) was  recorded. When sodium alginate was added in the presence of 0.5 
mM Ca
2+
, there was a more severe decline in permeate flux (30%) (Fig. 4.2A). 
Flux decline was large (55%) when the membrane was fouled with latex, but 
addition of Ca
2+
 to latex resulted in the most severe flux decline (Fig. 4.2B). 
Combined fouling by latex and SA in the presence and absence of Ca
2+
 was 
less severe than the flux decline seen with only latex. Fouling by aluminium 
oxide (Al2O3) did not result in a major change in permeate flux (as shown in Fig. 
4.2C) and there was only a slight decrease in permeate flux after about 50 h. 
The effect of Al2O3 in combined fouling with SA in the absence of Ca
2+
 is 
relatively minor (17%), but a larger decline in permeate flux (about 55%) is 
observed for combined Al2O3 and SA fouling  in the presence of calcium ions 
(Fig. 4.2C). 
Several authors have reported severe declines in permeate flux on fouling with 
alginate in the presence of calcium ions (Ang et al., 2011; Hoek and Elimelech, 
2003; Lee et al., 2005; Li and Elimelech, 2006) and this was subjected to the 
formation of a complex resembling an egg box (Grant et al., 1973). In contrast, 
other studies  have also shown that the addition of Ca
2+
 improves permeate flux 
upon fouling with SA (Harwot and van de Ven, 1997; Listiarini et al., 2009a; van 
de Ven et al., 2008). Listiarini et al. proposed that the calcium-alginate complex 
has a larger effective hydrodynamic size which give rise to a lower cake 
resistance (a more permeable gel layer) and hence improved flux compared to 
only alginate (Listiarini et al., 2009a). Our results showed a more severe decline 
in permeate flux when 0.5 mM Ca
2+
 was added (Fig. 4.2 A – C). This could be 
expected from the zeta potential results for alginate (see Table 3.5): in the 
presence of Ca
2+
, less repulsive forces will exist between the negatively 
charged membrane surface and the alginate molecules, and between alginate 
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molecules already attached on the membrane and molecules in the feed 
solution. 
The amount of alginate deposited on the membrane surface could not be 
quantified by measuring change in turbidity over time due to the aggregation 
behaviour of alginate. However, visual inspection of the fouling layers showed 
that alginate fouling in the presence of 0.5 mM Ca
2+
 resulted in a thicker gel 
layer on the membrane surface. This layer was believed to exert more hydraulic 
resistance to permeate flow (Lee et al., 2005).  
The highest flux decline (70%) on fouling by latex in the presence of Ca
2+
 could 
be due to the reduction in particle charge of the latex particles when Ca
2+
 is 
present (since Ca
2+
 has a potential to reduce the zeta potentials of negatively 
charged functional groups) (see Table 3.5) (Harwot and van de Ven, 1997). 
There was a rapid decline in flux in the early stages of fouling and the flux 
stabilised after about 48 h of filtration. The stable flux was due to reduction of 
foulant concentration in the feed solution (marked by change in feed turbidity 
from 150 NTU to 17 NTU) and limited driving force of foulant towards the 
membrane at lower fluxes (i.e. reduction in permeation drag force due to flux 
decline). The combined fouling of latex and alginate, showed less severe 
decline in flux than just latex (as shown in Fig. 4.2B). Even though latex has 
greater fouling propensity than alginate (seen from flux decline results), the 
effect is overshadowed in the presence of alginate showing that the alginate 
matrix prevents colloidal latex from settling in a dense cake. 
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Figure 4.2: Evolution of relative flux over time; Flux change on fouling with A-
sodium alginate (SA), B-latex, C-aluminium oxide (Al2O3). 
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Latex and Al2O3 were dosed at the same concentrations of 30 mg/l. However 
the foulants have different densities (1.05x10
6
 g/m
3
 for latex and 3.2 x10
6
 g/m
3
 
for Al2O3), which results in less Al2O3 particles effectively present, and this lead 
to differences in the permeability and thickness of the foulant cake on the 
membrane surface, compared to latex. Al2O3 deposition on the membrane 
surface visually appeared to be limited. This corroborated the minor change in 
feed turbidity from 128 NTU to 95 NTU after 72 hours of fouling. The fouling 
trends seen for Al2O3 concurred with findings by Zhu and Elimelech (Zhu and 
Elimelech, 1997), who also stated that aluminium oxide did not bind strongly 
onto the membrane surface or deposit inside membrane pores, and fouling was 
easily reversible. Their study was based on cellulose acetate membranes, 
which are also negatively charged as the polyamide membrane used here. The 
flux decline curve of combined Al2O3 + SA fouling mirrors that of membrane 
fouling by alginate. This shows the dominance of sodium alginate over Al2O3 on 
fouling propensity (or the limited effect of Al2O3 on fouling). Membrane fouling 
by Al2O3 + SA + Ca
2+
 results in more flux decline than alginate and Al2O3 alone 
thereby showing evidence of synergistic effects. Membrane fouling by Al2O3 
colloids is enhanced in the presence of alginate and calcium. Al2O3 + SA flocs 
were observed on the membrane surface showing membrane fouling. This was 
corroborated by change in feed turbidity from 128 NTU (at the start of the 
experiment) to 98 NTU at the end of the experiment. No Al2O3 + SA flocculants 
were observed in the feed solution (or water phase).  
4.3.2 Implications of membrane fouling on salt rejection 
4.3.2.1 Salt rejection as a function of flux 
The virgin membrane rejected 46% of sodium chloride (10 mM) in the feed 
solution, and this was relatively stable over time for the duration of the filtration 
run. 
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In comparison to the salt rejection of the clean membrane, there was a severe 
decline in salt rejection on fouling with alginate in the presence (31%) and 
absence (62%) of calcium ions (Fig. 4.3A). This trend is different from flux 
decline curves where the presence of calcium ions aggravated flux decline. A 
more pronounced decline in salt rejection was observed in the initial stages of 
fouling where more deposition of foulants on the membrane surface occurred. 
Also at that stage, a rapid decline in permeate flux was noticed. The decline in 
salt rejection on fouling with alginate in the presence of Ca
2+
 resembles the 
curve of permeate flux decline. However, the rejection stabilises after about 24 
h of filtration on fouling with alginate in the presence of calcium ions while in the 
absence of the cation, it did not level off. The decline in salt rejection may be 
explained by the decrease in membrane zeta potential after fouling (see Table 
4.3). This effect was also observed by Verliefde et al. (Verliefde et al., 2009). 
The decline in zeta potential upon fouling with alginate + Ca
2+
 (from -17 mV to -
4.6 mV) may have reduced electrostatic interactions which in turn might have 
affected salt rejection.  
Fouling by latex in the presence and absence of Ca
2+
 resulted in a decrease in 
salt rejection with time (Fig. 4.3B). It is however clear that this decrease in 
rejection is not as apparent as that caused by alginate fouling, although the flux 
decline caused by the latex was more severe. Fouling by aluminium oxide, 
despite not having a pronounced effect on flux, resulted in a major decrease in 
salt rejection (Fig. 4.3C). In combined fouling experiments (Latex + SA and 
Al2O3 + SA) in the presence and absence of 0.5 mM Ca
2+
, severe declines in 
salt rejection were noticed with the largest decline (67%) in the presence of 
Ca
2+
. 
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Figure 4.3: Salt rejection for NF-270 membrane before and after fouling with A-
sodium alginate (SA), B-Latex, C-Aluminium oxide (Al2O3). 
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When the influence of fouling on salt rejection is compared for individual fouling, 
it is noticed that salt rejection declines more for fouling without the addition of 
calcium compared to that of fouling with the addition of calcium. Salt rejection 
declines in the following order: alginate > latex > Al2O3. For fouling in the 
presence of calcium, salt rejection declines more for alginate + Ca
2+
 compared 
to Latex + Ca
2+
. 
Table 4.3: Zeta potentials and contact angles of membranes before and after 
fouling. 
 
Zeta Potential 
(mV) 
Particle Size 
(nm) 
ΔFlux (%) 
ΔSalt Rejection 
(%) 
Clean -17.0   2.8 - - - 
SA -6.2   1.8 125   1.6 15   1.9 61   2.1 
SA + CaCl2 -4.6   1.6 186   2.1 30   2.3 31   1.8 
Latex -3.9   0.8 164  4.3  55   1.7 41   2.3 
Latex + CaCl2 -3.2   0.9 169   1.9 70   2.4 31   1.7 
Al2O3 3.0   0.5 186  2.1 11   1.3 36   2.1 
Several researchers have accounted a decline in salt rejection by colloidal 
fouling to cake-enhanced concentration polarisation, hereby postulating that the 
colloidal fouling layer results in the hindrance of back diffusion of salts away 
from the membrane surface to the bulk solution (Schafer et al., 2005; Lee et al., 
2004; Ng and Elimelech, 2004; Seidel and Elimelech, 2002). This may not be 
the case for membranes which poorly reject salts where cake-enhanced 
concentration polarisation may be insignificant (Hoek and Elimelech, 2003). The 
effects of cake-enhanced concentration polarisation might not be so clear: 
decreases in membrane zeta potential might play a major role in salt rejection 
as well. Since latex and Al2O3 differ mainly in charge (particle sizes more or less 
the same), charge effects could be the reason behind different effects on 
membrane fouling in terms of permeate flux and salt rejection. 
However, it has to be noted that most studies on fouling are carried out at 
constant pressure, with a resulting decrease in permeate flux. As indicated 
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above, this can have a pronounced effect on rejection as well. Therefore, 
rejection is plotted as a function of flux in section 4.3.2.2 for the different fouled 
membranes, and results are compared to the predicted trends of rejection 
following the solution-diffusion model for the clean and fouled membranes. This 
might give some more insight in the mechanisms of fouling and its effects on 
rejection. 
4.3.2.2 Salt rejection as a function of flux 
Salt rejection values as a function of flux for the solution-diffusion model as well 
as experimental values for the clean and fouled membranes are shown in Fig. 
4.4. The results for the clean membranes are obtained from a separate 
experiment in which the salt rejection was determined as a function of flux, to 
compare with the solution-diffusion model. The standard deviation was below 
5% for all the experiments. For clarity and simplicity in understanding the 
graphs, error bars are not shown. 
As shown in the graphs (Fig. 4.4), salt rejections for the membranes fouled by 
sodium alginate (in the absence of Ca
2+
), as well as combined alginate fouling 
(in the absence of Ca
2+
), decline more as a function of flux than predicted by the 
solution-diffusion model for the clean membrane. For fouling in the presence of 
calcium, salt rejection followed closely rejection as predicted by the model. 
However this was exeptional for combined Latex + SA + CaCl2 fouling where 
the salt rejection was lower than that of the solution-diffusion model. The more 
decline in salt rejection (for alginate and combined alginate fouling without the 
addition of calcium) than predicted by the solution-diffusion model indicate the 
presence of cake-enhanced concentration polarisation or a decrease in 
membrane surface charge (see zeta potential results in Table 4.3). 
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Figure 4.4: Correlation between permeate flux and salt rejection: A-salt 
rejection by membrane fouled by alginate; B-salt rejection by membrane fouled 
by latex and its combinations with alginate and C-salt rejection by membrane 
fouled by aluminium and its combinations with alginate. The modelled salt 
permeability for the membrane was 1.29x10
-5
 ± 0.2x10
-5
 g/m
2
.s. Salt 
permeability was estimated from                with salt rejection 
measured at different fluxes. 
In the presence of calcium, salts are rejected as predicted by the solution-
diffusion model indicating that charge effects are not predominant in the effect 
of fouling on salt rejection. The results indicate that cake-enhanced 
concentration polarisation is limited for membranes fouled with alginate in the 
presence of calcium; on the contrary, a tight fouling layer is formed. This layer 
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restricts permeate flow and reduces water flux, but also decreases solute flux 
and thus increases rejection.  
For the membranes fouled with latex and latex + CaCl2, salt rejection was 
higher than predicted by the solution-diffusion model. This shows that latex 
fouling layers improve salt rejection for the NF-270 membranes, and again 
indicates that membrane charge is not the predominant factor determining salt 
rejection. For the latex fouled membranes, cake-enhanced concentration 
polarisation is limited. A tight latex + Ca
2+
 layer is formed. This layer restricts 
salt passage.  
Fouling by aluminium resulted in a decline in salt rejection although flux did not 
change that much. The decline was worsened in combined fouling of Al2O3 + 
SA. Salt rejection for Al2O3 + SA + Ca
2+
 follows closed rejection as predicted by 
the solution-diffusion model. These results suggest that cake-enhanced 
concentration polarisation plays a role in rejection of salts by membranes fouled 
with Al2O3. The influence of cake-enhanced concentration polarisation effects in 
rejection salts by Al2O3 fouled membranes will be investigated in section 4.3.4. 
Generally, fouling by alginate and Al2O3 decreased salt rejection beyond what 
was modelled by the solution-diffusion model, but this effect was again 
minimised in the presence of calcium ions due to formation of dense fouling 
layers. 
4.3.3 Implications of fouling on carbamazepine rejection 
4.3.3.1 Carbamazepine rejection as a function of time 
Carbamazepine is a transphilic organic solute with a log Kow value of 2.5. Since 
carbamazepine is neutrally charged, there are no charge interactions expected 
between the membrane and the carbamazepine solute. Rejection will therefore 
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mainly be determined by steric hindrance and solute-membrane affinity effects 
(Verliefde et al., 2008). 
Carbamazepine rejection by the clean membrane (Fig. 4.5) remained constant 
at about 60% during the filtration period. There was no substantial decrease in 
carbamazepine rejection due to adsorption (adsorption equilibrium was reached 
rapidly, given the relatively high concentration of carbamazepine (10 mg/l) 
(Kimura et al., 2003)). It has been shown before that solute rejection is 
independent of solute concentration in the µg/l to mg/l range for organic solutes 
(Verliefde, 2008).  
Fouling by alginate in the absence of calcium ions resulted in 70% decrease in 
carbamazepine rejection over time (Fig. 4.5A). The addition of Ca
2+
 (0.5 mM) to 
the SA only resulted in a 13% decline in rejection. The membrane contact 
angles increased from 42 ˚ to 71 ˚ due to alginate fouling (see contact angles in 
Table 4.3). There were therefore slight increase in solute-membrane affinity 
interactions between the slightly hydrophobic carbamazepine and the 
membrane after fouling with alginate resulting in lower rejection. This effect will 
be evaluated using the surface tension component approach in section 4.3.5. 
Enhanced non-electrostatic solute-membrane affinity increased the partitioning 
of carbamazepine into the foulant/membrane matrix and thus result in a 
decrease in overall rejection of carbamazepine (Heijman et al., 2007). In 
addition, reduction in the rejection of neutral organic pollutants by (alginate) 
fouled membranes has also previously been reported (Ng and Elimelech, 2004; 
Verliefde et al., 2009; Vogel et al., 2010) and atributed to the hindered back 
diffusion of the solute from the membrane surface to the bulk solution (cake-
enhanced concentration polarisation). 
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Figure 4.5: Carbamazepine rejection for NF-270 membrane before and after 
fouling with: A-sodium alginate (SA), B-latex and C-aluminuim oxide (Al2O3). 
Carbamazepine rejection for the alginate fouled membrane followed the same 
trends as the salt rejection during the fouling experiment. Therefore, in section 
4.3.3.2, the effect of flux will also be investigated. For alginate fouling in the 
presence of calcium, there was minor change in carbamazepine rejection 
showing that the fouling layer in the presence of calcium has less influence on 
solute rejection. 
There was decline in carbamazepine rejection when the membrane was fouled 
with colloidal latex in the presence (20%) and absence (41%) of 0.5 mM Ca
2+
 
(Fig. 4.5B) and the decline trends did not follow that of salt rejection (due to 
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charge effects which play a role in rejection of salts but not for carbamazepine 
rejection). Various effects leading to decline in carbamazepine rejection due to 
colloidal fouling by latex will be investigated in this study. These factors include 
cake-enhanced concentration polarisation, flux effects and increase in non-
ectrostatic membrane-carbamazepine affinity. It is assumed that the properties 
of the membrane itself will not be altered by fouling, but that the change in 
surface properties reflects the properties of the foulant. As can be seen from the 
contact angle data, partitioning of solutes into the latex cake layer occurs more 
readily than in the membrane matrix. However, due to the high partitioning in 
the latex cake (concentration higher than in the bulk), and the limited back-
diffusion of solutes from inside the latex cake back to the bulk, the solute 
concentration at the membrane surface will be higher after fouling than before 
fouling. This results in more absolute solute partitioning into the membrane (the 
partition coefficient for the membrane does not change, however), due to the 
increase in concentration gradient across the membrane. This eventually leads 
to lower rejections. 
For the combined fouling (latex + alginate in the presence and absence of Ca
2+
 
ions), there was severe decline in carbamazepine rejection over time. The 
rejection curve on fouling with latex + SA is similar to that of fouling by alginate 
only. This indicates that alginate was more dominant in determining 
carbamazepine rejection on combined fouling with latex and alginate. 
Synergism was not observed. No previous reports on the effects of combined 
fouling by latex and alginate on carbamazepine rejection exist. 
Membrane fouling by aluminium oxide (Al2O3) resulted in similar decline in 
carbamazepine rejection (35%) as latex fouled membranes, although the flux 
decline by latex was much larger compared to flux decline for aluminium fouling 
(Fig. 4.5C). The hydrophobicity of the membrane did not change significantly 
when fouled with aluminium oxide (see water contact angles in Table 4.3). 
Therefore, one would expect that non-electrostatic affinity interactions would  
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not play a major role in the effect of Al2O3 membrane fouling on carbamazepine 
rejection. Solute-membrane affinity, however, is made up of more 
intermolecular interactions than just hydrophobic-hydrophobic interactions. 
Therefore, trends in rejection need to be correlated to solute-membrane 
interaction energy, and not just the contact angle with water. This will be 
addressed in a separate section of the thesis and the effects of flux decline will 
be looked at shortly. 
4.3.3.2 Carbamazepine rejection as a function of flux 
To assess whether the influence of fouling on rejection was a consequence of 
flux, or whether there is an actual effect of the fouling layer, the solution-
diffusion model was again used to fit carbamazepine rejection values by the 
clean membrane as previously explained in section 4.3.3. Carbamazepine 
rejection by the clean membrane increases with increase in permeate flux (Fig. 
4.6).  
Upon fouling with SA and SA + CaCl2: rejection initially seems to decrease less 
than expected based on the solution-diffusion model, indicating the potential 
formation of a dense fouling layer (or a layer that rejects carbamazepine based 
on solute-membrane affinity). However, after a while, rejection declines steeply 
for fouling by SA without the addition of Ca
2+
. Thus, flux is not the only factor 
explaining rejection. For fouling by alginate with the addition of Ca
2+
, 
carbamazepine rejection declines less than predicted by the solution-difusion 
model. The steeper decline in carbamazepine rejection for alginate fouling 
without the addition of calcium shows potential influence of cake-enhanced 
concentration polarisation on rejection. Cake-enhanced concentration 
polarisation effects will be evaluated in section 4.3.4.  
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Figure 4.6: Correlation between permeate flux and carbamazepine rejection: A-
carbamazepine rejection by membrane fouled by alginate; B-carbamazepine 
rejection by membrane fouled by latex and its combinations with alginate and C-
carbamazepine rejection by membrane fouled by aluminium and its 
combinations with alginate. The modelled membrane permeability for 
carbamazepine was 7.36x10
-6
 g/m
2
.s. Carbamazepine permeability was 
estimated from                with carbamazepine rejection measured at 
different fluxes. 
For latex, all fouling layers seem to reject carbamazepine based on solute-
membrane affinity. Cake-enhanced concentration polarisation does not seem to 
play a major role. Only for latex + SA, the curve seems to go back to the 
solution–diffusion model showing that rejection is influenced by flux effects. For 
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combined latex + SA + Ca
2+
 fouling, carbamazepine rejection declined more 
than predicted by the solution-diffusion model showing influence of cake-
enhanced concentration polarisation effects. However, as the cake layer builds 
up, carbamazepine rejection curve goes back to the solution-diffusion curve. 
This shows that cake-enhanced concentration polarisation effects diminish and 
flux effects play a role in rejection.  
From the results, it is apparent that some foulants (for example latex, latex + 
Ca
2+
 and Al2O3+SA+Ca
2+
) improve membrane performance in terms of trace 
organic rejection when rejection values for the fouled membrane are compared 
to the clean membrane rejection at the same flux (based on the solution-
diffusion model). For fouling with only Al2O3, there could be cake-enhanced 
concentration polarisation, since the rejection is below that expected from the 
solution-diffusion model. However, as soon as there is alginate, and especially 
alginate + CaCl2, this changes and it seems as if a more dense layer is formed 
(see Table 4.4). 
Table 4.4: Cake thickness of various cake layers. 
Cake layer type Cake thickness (x10
-5
 m) 
SA 5.75 ± 0.9 
SA + CaCl2 6.81 ± 1.1 
Latex 15.7 ± 2.7 
Latex + CaCl2 21.1 ± 2.4 
Latex + SA 6.41 ± 1.4 
Latex + SA + CaCl2 12.4 ± 2.1 
Al2O3 3.47 ± 1.9 
Al2O3 + SA 5.2 ± 1.1 
Al2O3 + SA + CaCl2 21.3 ± 2.7 
 
To actually investigate whether cake-enhanced concentration polarisation plays 
a major role or not, the observed rejections will be plotted as a function of the 
cake-enhanced concentration polarisation model in the next section (section 
4.3.4). 
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4.3.4 Evidence of cake enhanced concentration polarisation (CECP) 
effects 
The modelled cake-enhanced concentration polarisation results for fouling with 
alginate, latex, latex + alginate and Al2O3 + alginate are shown in Fig. 4.7, Fig. 
4.8, Fig. 4.9 and Fig. 4.10, respectively. It is observable that the predictive 
results from the cake-enhanced concentration polarisation model fit 
carbamazepine rejection well for fouling with alginate and Al2O3 (Fig. 4.7 and 
Fig. 4.10). However, as soon as Ca
2+
 is added, the behaviour starts to deviate 
strongly from the cake-enhanced concentration polarisation mode, indicating 
that not cake-enhanced concentration polarisation, but rather the formation of a 
dense layer (or the effect of solute-membrane affinity) become overwhelming. 
The effect of solute-membrane affinity will be assessed in the next graph. For 
fouling with latex (results shown in Fig. 4.8), the model only fitted 
carbamazepine rejection well for combined latex + alginate fouling. There was 
no evidence of cake-enhanced concentration polarisation for solute rejection on 
fouling with latex (regardless of the presence of Ca
2+
). However, the presence 
of alginate resulted in significant cake-enhanced concentration polarisation 
effects (Fig. 4.9). 
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Figure 4.7: Measured and modelled permeate flux, salt and carbamazepine 
rejection for fouling with alginate in the presence and absence of calcium. 
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Figure 4.8: Measured and modelled permeate flux, salt and carbamazepine 
rejection for fouling with latex in the presence and absence of calcium. 
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Figure 4.9: Measured and modelled permeate flux, salt and carbamazepine 
rejection for fouling with combined latex + alginate in the presence and absence 
of calcium. 
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Figure 4.10: Measured and modelled permeate flux, salt and carbamazepine 
rejection for fouling with Al2O3 and combined Al2O3 + alginate in the presence 
and absence of calcium. 
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4.3.5 Effects of interfacial free energies of interactions (      and      ) 
on filtration performance 
Table 4.5 shows contact angles of carbamazepine, Al2O3 and combined Al2O3 + 
SA in the presence and absence of calcium. Contact angles of the virgin 
membrane, alginate and latex can be found in Table 3.7.  
Surface tension parameters were computed from the measured contact angles. 
The results are presented in Table 4.6 at 95% confidence interval (  = 30). 
Table 4.5: Trace organic and foulant contact angles 
 Contact angle (
o
) 
Water Diiodomethane Glycerol 
Carbamazepine 45 ± 0.5 14 ± 0.3 47 ± 0.9 
Al2O3 70 ± 0.8 63 ± 1.3 28 ± 0.6 
Al2O3 + SA 71 ± 0.7 95 ± 1.7 10 ± 0.3 
Al2O3 + SA + Ca
2+
 39 ± 0.9 83 ± 1.4 20 ± 0.5 
 
Table 4.6: Trace organic and foulant contact surface tension components 
 Surface tension components (mJ/m
2
) 
γ
LW
 γ
+
 γ
-
  γ
 TOT
 
Carbamazepine 49 ± 0.9 0.1 ± 0 31 ± 0.5  52 ± 0.9 
Al2O3 27 ± 0.8 13.3 ± 0.6 1.5 ± 0.3 36 ± 0.7 
Al2O3 + SA 11 ± 0.7 31.8 ± 1.2 0.8 ± 0.3 21 ± 0.8 
Al2O3 + SA + Ca
2+
 16 ± 0.9 13.7 ± 0.1 29.3 ± 0.9 56 ± 0.9 
From the solute and foulant surface tension components, interactions between 
the membrane (virgin and fouled) and carbamazepine were computed. The 
results are presented in Table 4.7. 
Positive interaction energies indicate that there is repulsion between the two 
materials while negative values indicate attraction (Kim and Hoek, 2007). To 
better understand fouling, one has to note that initial attachment of the foulant 
on the membrane is governed by foulant-membrane interactions, while further 
deposition of the foulant will be determined by foulant-foulant interaction 
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energies once a foulant monolayer forms on the membrane surface. It has been 
shown that rejection of different (trace) organics can be related to the interfacial 
interaction energy with the membrane. However, as soon as a membrane gets 
fouled, the membrane surface chemistry changes. The rejection of 
carbamazepine by fouled membranes therefore becomes a function of the 
interaction between the fouled membrane and carbamazepine. The energy of 
interaction between carbamazepine and the clean membrane is positive (3 x10
-
18
 mJ), as shown in Table 4.7. This indicates that no spontaneous partitioning of 
carbamazepine into the membrane will occur due to the repulsive forces 
between the membrane and the carbamazepine. Carbamazepine rejection is 
relatively low due to its small size (236 g/mol) and slight hydrophobicity (log D = 
2.76). Carbamazepine is smaller than the molecular weight cut-off of the 
membrane (300 g/mol). There is therefore steric partitioning to the permeate 
side leading to incomplete rejection. Carbamazepine is a known compound to 
have low rejection behaviour, when rejection is based on log D. In addition, 
carbamazepine has affinity for the membrane surface due to its hydrophobicity 
(Verliefde, 2008). Adsorption of carbamazepine on the membrane surface leads 
to low rejection when saturation is reached. Low rejection efficiency of 
carbamazepine by nanofiltration membranes despite its high molar mass has 
been previously reported by Verliefde (2008). Charge interactions do not play a 
role in rejection of the neutral carbamazepine. The reasonable rejection of 
carbamazepine by the virgin membrane (~60 %) was due to repulsive non-
electrostatic interaction between the membrane and carbamazepine. After 
fouling by different foulants and their combinations, the interfacial free energies 
of interaction however became negative for all foulants. This indicates the 
presence of attractive forces between the fouled membrane and carbamazepine 
hence favourable partitioning of carbamazepine onto the fouled membrane 
surface due to increased affinity. Previous studies have shown that non-
electrostatic membrane-solute affinity (     ) is the major parameter 
determining trace organic rejection (Verliefde et al., 2013). Solutes which have 
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high affinity for the membrane are often rejected lower than predicted by models 
based on steric and charge interactions (Verliefde et al., 2013). This is because 
the models do not take into account non-electrostatic membrane-solute affinity 
interactions (     ) which incorporates H-bonding, Van der Waals interactions, 
hydrophobic interactions and dielectric interactions. Solutes that enter the 
membrane pores due to non-electrostatic exclusion can be easily transported 
towards the permeate side of the membrane via diffusion (the solution-diffusion 
model, in which the solution step is determined by solute-membrane affinity). 
Table 4.7 shows the correlation between the magnitude of the relative change 
in carbamazepine permeation as a function of flux decline. The change in 
permeate flux (∆ ) and relative change in carbamazepine permeation (∆    ) 
were quantified from fouling (after 72 h of fouling) and rejection experiments. 
The results were used to calculate the magnitude of the relative change in 
carbamazepine permeation as a function of change in permeate flux decline 
(∆     ∆ ). It has to be noted that the change in flux and carbamazepine 
permeation values (   and       respectively) presented in the table are 
measurements obtained after 72 hours of fouling.  
To further quantify dependency of trace organic permeation on permeate flux 
(i.e. to identify if permeation increases linearly with flux decline), the relative 
change in solute permeation (     ) was divided by the change in flux (  ). If 
flux effects are playing a major role in solute permeation, then ∆    /∆    
(showing that rejection or trace organic permeation are dependent on flux). The 
fouling layer improves rejection compared to the virgin membrane at similar 
fluxes if ∆    /∆  < 1. In this case, a noticeable change in flux results in minor 
change in trace organic permeation. Rejection or solute permeation is controlled 
by cake-enhanced concentration polarisation effects if ∆    /∆  > 1. Solute 
rejection declines more (or solute permeation increases more) with minor 
change in flux. 
  
Table 4.7: Interfacial free energies that played a role in membrane fouling and subsequent decline in rejection of carbamazepine.  
Membrane type 
       
(x10
-18
 mJ/m
2
) 
   (%) ∆J (%)       (%)          
Clean 3   0.9 59   1.8 1.9  0.2 2   0.2 1.0   0.2 
SA Fouled -2   0.6 18   2.1 15   2.1 104   2.8 6   0.9 
SA + CaCl2 Fouled -11   1.8 52   2.6 30   1.8 19   1.5 0.6   0.1 
Latex Fouled -7   1.2 35   1.8 55   2.4 62   2.9 1.1   0.1 
Latex + CaCl2 Fouled -11   1.5 48   2.4 70   3.2 29   2.1 0.4   0.1 
Latex + SA Fouled -11   1.1 29   1.5 20   1.7 77   2.2 3.7   0.6 
Latex + SA + CaCl2 Fouled -2   0.2 20   1.9 39   2.1 101 2.4 2.6   0.4 
Al2O3 Fouled -8   0.4 39   1.9 11   1.7 54   2.7 4.3   0.8 
Al2O3 + SA Fouled -7   1.6 59   3.1 17   2.1 0  0  
Al2O3 + SA + CaCl2 Fouled -4   0.3 57   2.8 55   3.2 9   1.1 0.1  
  
The results presented in table 4.7 corroborate results of Fig. 4.6 where fouling 
by Al2O3, SA and combined fouling of SA + latex in the absence of calcium ions 
worsens the decline in carbamazepine rejection (the magnitude of ∆    /∆  is 
greater than 1 which was ∆    /∆  for the virgin membrane). Fouling by latex 
improved the rejection of organics as previously showed. 
Figure 4.11 shows a graph of carbamazepine rejection plotted as a function of 
     . The rejection values in Figure 4.11 are those obtained after 72 h of 
fouling. As mentioned earlier, the rejection of trace organics can be related to 
membrane – solute interactions. This part of the study was aimed at 
investigating if carbamazepine rejection related to fouled membrane – solute 
interactions. Carbamazepine rejection after fouling was lower than that of the 
virgin membrane (60% rejection with        = 3 x10
-18
 mJ/m
2
). This was 
because fouling resulted in attractive membrane-carbamazepine non-
electrostatic interaction (i.e.        became negative for all fouling types 
regardless of the addition of calcium) and hence the decrease in rejection. For 
example fouling by alginate without the addition of Ca
2+
 resulted in ∆   of 70% 
with       = -2x10
-18
 mJ/m
2
 (see Table 4.7). This corresponds to 18% 
carbamazepine rejection after 72 h of fouling with       = -2x10
-18
 mJ/m
2
 (see 
Figure 4.11). No clear trend is observed between       and carbamazepine 
rejection by the fouled membranes (R
2
 = 0.1773). This is due to the influence of 
other factors such as flux effects and cake-enhanced concentration polarization 
effects which also play a role in carbamazepine rejection. These factors are 
dependent on the type of fouling and the presence of calcium. The results show 
that not only cake-enhanced concentration polarisation and membrane-foulant 
affinity are responsible for carbamazepine rejection but it is really the formation 
of an extra “separating” layer. This conclusion is based from the observation 
that rejection increases compared to the clean membrane at similar fluxes for a 
couple of foulants. 
Chapter 4: Influence of organic, colloidal and combined fouling on NF rejection of NaCl 
and carbamazepine: Role of solute-foulant-membrane interactions and cake enhanced 
concentration polarisation 
125 
 
 
Figure 4.11: Carbamazepine rejection as a function of the interfacial free 
energy of interaction (     ). 
4.4 Conclusions 
This study shows the effect of fouling in membrane performance in terms of 
permeate flux, salt rejection and carbamazepine rejection. Membrane fouling 
related very well with particle charge, size and membrane-foulant and foulant-
foulant interactions. Generally fouling (organic, colloidal and combined fouling) 
alters the performance of NF-270 membranes in terms of permeate flux, salt 
and carbamazepine rejection. Fouling by alginate and Al2O3 results in salt and 
carbamazepine rejection below that predicted by the solution-diffusion model 
and fitted predicted rejections by the cake-enhanced concentration polarisation 
model except in the presence of Ca
2+
. This showed the evidence of cake-
enhanced concentration polarisation. However this was not observed for latex, 
latex + CaCl2 and combined fouling by Al2O3 + SA (regardless of the presence 
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of Ca
2+
). These results show that flux and cake-enhanced concentration 
polarisation are not the only factors explaining rejection.  
This study has shown that some foulants improve membrane performance in 
terms of solute rejection when rejection values for the fouled membrane are 
compared to the clean membrane rejection at the same flux. It has also shown 
that cake-enhanced concentration polarisation is not always the governing 
phenomenon for poor rejection of organics by fouled membranes. Therefore it is 
important to compare solute rejection values after fouling to the clean 
membrane rejection at the same flux and also look at the effects of solute-
membrane interactions on rejection. 
    
 Parts of this chapter were based on: O.T. Mahlangu, K.V.K.M. Schoutteten, A. 
D’Haese, J. Van den Bussche, L. Vanhaecke, J.M. Thwala, B.B. Mamba, 
A.R.D. Verliefde, Role of specific membrane–foulant–solute affinity interactions 
      ) in transport of trace organic solutes through fouled nanofiltration (NF) 
membranes, submitted to Journal of Membrane Science.  
CHAPTER 5:  
INFLUENCE OF SPECIFIC MEMBRANE-FOULANT-SOLUTE AFFINITY 
INTERACTIONS       ) IN TRANSPORT OF TRACE ORGANIC SOLUTES 
THROUGH FOULED NANOFILTRATION (NF) MEMBRANES 
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5.1 Introduction 
In the previous chapter, carbamazepine was used as model trace organic to 
investigate the effects of fouling on trace organic rejection. Carbamazepine was 
used so that the influence of charge interactions could be eliminated. It was 
shown that cake-enhanced concentration polarization and flux effects are not 
the only factors influencing trace organic rejection by fouled membranes. In 
addition to these factors, membrane-trace organic affinity interactions also play 
a role in solute rejection.  
Sieving mechanisms and charge interactions also influence organic rejection. 
These effects could not be investigated using carbamazepine alone. Therefore, 
this study aims at: 1) investigating the roles of charge interactions and sieving 
effects on rejection of a wide range of trace organics by virgin and fouled NF-
270 membranes. Membranes are fouled with organic alginate, colloidal latex 
and their combination in the presence and absence of calcium ions (to 
determine the influence of calcium on fouling and rejection of organics); 2) 
correcting the measured rejection values for the effects of declining permeate 
flux, to distinguish the effects of solute-membrane interactions and flux effects 
on rejection; 3) computing specific non-electrostatic membrane-solute affinity 
interactions for virgin and fouled membranes, and relating these to trace organic 
rejection – also as a function of the type of fouling and 4) carrying out novel 
sequential fouling experiments in order to gain more insights in the effects of 
changing hydrodynamic conditions (cake-enhanced concentration polarisation). 
It is expected that the previously deposited foulants will form a layer hindering 
the back-diffusion of newly deposited foulants and trace organics in sequential 
fouling experiments. In Chapter 4, affinity of trace organics for membranes 
fouled with alginate and membranes fouled with latex was found to be similar. 
Therefore, if subsequent fouling experiments with first alginate and then latex 
(or the other way around) lead to a decrease in flux-corrected trace organic 
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rejection, it is hypothesized that this will be mainly due to cake-enhanced 
concentration polarisation effects but not to the change in membrane-trace 
organic affinity. Nanofiltration experiments were carried out in a cross-flow 
filtration set-up. A wide range of trace organics were selected based on 
hydrophobicity, molecular weight and charge, to represent a wide range of 
solute-membrane interactions. 
5.2 Materials and methods 
5.2.1 Model trace organic pollutants and analysis 
5.2.1.1 Trace organic compound selection 
A total of 10 trace organic compounds (trace organics) (see Table 5.1) were 
purchased from Sigma Aldrich, Belgium. The organics vary in molecular weight, 
charge and hydrophobicity/hydrophilicity. The logarithm of the pH-dependent 
octanol-water distribution coefficient, log D, was used to classify trace organics 
as hydrophobic or hydrophilic (Alturki et al., 2010; Dang et al., 2014; Verliefde et 
al., 2008). The solutes were dosed in the feed at concentrations of 5 µg/l. 
  
Table 5.1: Trace organics and their selected physico–chemical properties (n.a.: not applicable) (Verliefde et al., 2008; Alturki et al., 
2010; Dang et al., 2014). Structural formulae for the organics can be found in Fig. 5.1. 
Compound Abbreviation 
Molecular weight 
(g/mol) 
Formula 
Charge 
(pH=7) 
 
pKa 
log D 
(pH 7) 
Carbamazepine Carb 236 C15H12N2O Neutral 13.94 2.77 
Diclofenac Diclo 296 C14H11Cl2NO2 – 4.08 1.59 
Hydrochlorothiazide Hydro 297 C7H8ClN3O4S2 Neutral 7.9 -0.58 
Ketoprofen Keto 258 C16H14O3 – 4.29 0.41 
Lincomycin Linc 406 C18H34N2O6S + 7.7 -1.33 
Metoprolol Meto 267 C15H25NO3 + 9.49 -0.61 
Primidone Prim 218 C12H14N2O2 Neutral 12.26 n.a 
Sulfamethoxazole Sulf 253 C10H11N3O3S Neutral 5.7 0.15 
Theophylline Theo 180 C7H8N4O2 – 8.8 -0.81 
Trimethoprim Trim 290 C14H18N4O3 + 7.12 n.a 
  
 
Figure 5.1: Structural formulae of trace organic compounds 
5.2.1.2 Trace organic characterisation 
Contact angles on the trace organics were also measured using the sessile 
drop technique (see section 2.1.2.3), but on plates of the trace organics 
obtained by compressing them in a small cell at high pressure of 1347 bar 
(Carver manual hydraulic press, model B) for at least one hour (De Ridder et 
al., 2013).Contact angles for trace organics and membranes were measured for 
a minimum of 15 drops per liquid. From the measured contact angles (average 
± standard deviation), surface tension components of the membrane, foulants 
and trace organics were computed as described in section 2.1.2.4. 
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5.2.1.3 Trace organic analysis 
After preparation of calibration standards (to bracket all feed and permeate 
sample concentrations), all feed and permeate samples were prepared for 
chromatographic analysis following solid phase extraction (SPE). The samples 
were analysed for trace organic content using a Bench-top Exactive Orbitrap 
Mass Spectrometer U-HPLC-HRMS (Thermo-Scientific, San José, CA, USA). 
Detailed information about the instrument and analysis technique can be found 
in section 2.2.2. 
5.2.2 Membrane filtration and fouling protocol 
5.2.2.1 Filtration set-up 
Filtration experiments were carried out using a custom-made cross-flow 
membrane unit. The membrane cell has the following channel parameters: 
channel width of 5.4 x10
-2
 m, channel length of 2.53 x10
-1
 m, and channel 
height of 1.0 x10
-3
 m. The cell was fed from a 30 l feed tank. The feed water is 
pumped to the membrane cell by means of a high pressure pump (Hydra-Cell; 
Wanner Engineering INC, 1204 Chestnut Avenue, Minneapolis, MN). A 
stainless steel heat exchanger coil was immersed in the feed water to keep the 
feed–water temperature constant at 20 ˚C ± 2 ˚C in order to ensure that solute 
rejection and flux do not vary due to a change in the feed temperature. The heat 
exchanger was coupled to a cooling system (Thermo Scientific Neslab RTE–
211, USA). The homogeneity of the feed water was maintained by magnetic 
stirring. 
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5.2.2.2 Filtration protocol for virgin membranes 
A Dow–Filmtec NF-270 (Minneapolis, MN) polyamide membrane was used for 
all filtration experiments. After membrane compaction and conditioning as 
explained in section 2.4.1, a cocktail of 10 organic pharmaceuticals was added 
into the feed to make a final concentration of 5 µg/l. In order to ensure that 
rejection was not overestimated by adsorption of the solutes onto the 
membrane surface, filtration was carried out for duration of 72 h (Verliefde et al., 
2007, 2009). At specific time intervals, permeate flux was measured and 
permeate samples were taken for measurement of concentrations of trace 
organics. Rejection of the analytes was calculated from the measured solute 
concentrations in the feed (    and permeate (  ) based on Equation 1.1 which 
has not been corrected for concentration polarization. Concentration 
polarisation effects are negligible for a virgin membrane. 
The state of ionisation of trace organic compounds at the membrane surface 
can be different from the bulk due to the difference in pH between the 
membrane surface and the bulk. The change in surface pH is due to variation in 
rejection of OH
-
 and H
+
 ions which are the major counterions of trace organic 
compounds (Verliefde, 2008). This variation in OH
-
 and H
+
 rejection may lead to 
a slightly higher pH at the membrane surface. However, the effect on trace 
organic rejection is not significant. This effect was not taken into consideration 
when evaluating trace organic rejection by virgin and fouled membranes. 
5.2.2.3 Individual and combined fouling 
For the fouling experiments, after the compaction and equilibration step 
(described in Section 2.4.1), an appropriate amount of foulant (organic, colloidal 
and combined organic + colloidal) was added to the feed water containing the 
pharmaceuticals to obtain a final concentration of 50 mg/l of foulant (see Table 
5.2). Foulant concentrations higher than could be measured in normal drinking 
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water filtration were used to accelerate fouling. The applied pressure and cross-
flow velocity were set and maintained at 4 bar and 0.2 m/s, respectively. The 
experiment was run for 72 h to allow adsorption to reach equilibrium and to 
avoid overestimation of rejection (Verliefde 2008). At selected time intervals, 
permeate flux was measured to determine the fouling extent. At the same time, 
feed and permeate samples were collected for measurement of trace organic 
content (as explained above). To investigate the effects of divalent cations on 
fouling and rejection of trace organics, fouling experiments were also carried out 
with calcium added in individual and combined fouling experiments. Calcium 
was added as CaCl2 (Sigma Aldrich, Belgium). The concentration of NaCl was 
adjusted accordingly to maintain the total ionic strength at 10 mM (see Table 
5.2). 
Table 5.2: Physicochemical properties of feed water for individual and 
combined fouling and rejection experiments. 
Foulant  
solution 
SA  
(mg/l) 
Latex  
(mg/l) 
NaCl  
(mM) 
Ca
2+
  
(mM) 
Trace organic  
(µg/l) 
SA 50 0.0 10 0.0 5.0 
Latex 0.0 50 10 0.0 5.0 
SA + Latex 50 50 10 0.0 5.0 
SA + Ca
2+
 50 0 8.5 0.5 5.0 
Latex + Ca
2+
 0 50 8.5 0.5 5.0 
SA + Latex + Ca
2+
 50 50 8.5 0.5 5.0 
 
5.2.2.4 Sequential fouling experiments to investigate cake-
enhanced concentration polarisation effects 
Previous studies have used the cake-enhanced concentration polarisation 
model to investigate cake-enhanced concentration polarisation effects in NF 
processes (Chong et al., 2007; Hoek and Elimelech, 2003; Hoek et al., 2002). In 
Chapter 3, the observed rejection of solutes (Equation 1.1) has been related to 
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the cake-enhanced concentration polarisation factor due to hindered back-
diffusion of solutes (      
     
     
      
  
  
 ) through: 
      
    
       
  
     
  
       (5.1) 
where      
  
  
 is the intrinsic rejection,   ,    and    are the solute 
concentrations inside the membrane, on the permeate site of the membrane 
and in the bulk, respectively.    and  
  are water flux and hindered mass tranfer 
coefficient respectively. Detailed information about the cake-enhanced 
concentration polarisation model can be found in section 4.2.3.2 and other 
literature studies (Chong et al., 2007; Hoek and Elimelech, 2003; Hoek et al., 
2002).  
In this study, the cake-enhanced concentration polarisation model is not used to 
investigate cake-enhanced concentration polarisation effects. Instead a novel 
fouling approach (termed sequential fouling) is proposed in order to gain more 
understanding of the effects of combined fouling and cake-enhanced 
concentration polarisation effects on solute rejection. Sequential fouling 
experiments were carried out as explained in section 2.4.2.2 with slight 
modification. In our preliminary studies, the rejection of most trace organics 
stabilised after 36 hours of filtration showing that equilibrium was reached 
because of the high trace organic concentrations used. The influence of 
changing hydrodynamic conditions (such as feed foulant type and cake-
enhanced concentration polarisation effects) on rejection can only be noticed 
when sequential fouling is done after a stable rejection has been obtained for 
the initial fouling run. However, if neutral trace organics have affinity for 
membranes fouled with organic foulants similar to that of membranes fouled 
with colloids, an increase in rejection would be due to improvement in sieving 
effects while a decrease in rejection would be due to cake-enhanced 
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concentration polarisation effects. Sequential fouling experiments were carried 
out as follows: after membrane compaction (see section 2.4.1), fouling was 
initiated with 50 mg/l alginate + 5 µg/l trace organics (with/without the addition of 
calcium) and solute rejection was monitored over a period of 36 hours after 
which the experiment was stopped. During the fouling run, conductivity of the 
feed was continuously measured (Consort C6010 conductivity meter, Belgium). 
After the first fouling run, the feed was replaced with fresh feed of 50 mg/l latex 
+ 5 µg/l trace organics (with/without the addition of calcium), without changing 
or cleaning the membrane. The conductivity of the new feed was adjusted with 
NaCl to match that of the initial fouling experiment when it was stopped in order 
to ensure that any change in rejection of trace organics was not due to a 
variation in feed ionic strength, but due to other effects. The influence of 
changing solute-foulant affinity interactions on trace organic rejection is 
expected to be less significant as it was shown in Chapter 4 that trace organics 
have more or less the same affinity for alginate and latex. Therefore, the 
influence of cake-enhanced concentration polarisation on trace organic rejection 
can be filtered from the rejection trend. Fouling was then resumed for an 
additional 36 hours with the newly added foulant. In the process, permeate flux 
and trace organic rejection were constantly monitored over time. The total 
fouling duration for each sequential fouling experiment was 72 h in total.  
Similar experiments were also carried out whereby the order of the foulants was 
reversed (see Table 5.3).  
  
Table 5.3: Composition of feed water for sequential fouling and rejection experiments: the concentration for all foulants was 
maintained at 50 mg/l. 
Experiment  
number 
Initial fouling Later fouling 
Foulant 
Concentration (mM) 
Foulant 
Concentration (mM) 
NaCl Ca
2+
 NaCl Ca
2+
 
1 SA 10 0.0 Latex adjusted 0.0 
2 SA 10 0.0 Latex + Ca adjusted 0.5 
3 SA + Ca 8.5 0.5 Latex adjusted 0.0 
4 Latex 10 0.0 SA adjusted 0.0 
5 Latex 10 0.0 SA + Ca adjusted 0.5 
6 Latex + Ca 8.5 0.5 SA adjusted 0.0 
  
5.3 Results and discussion 
5.3.1 Trace organic rejection by clean membrane 
All trace organic solutes (with the exception of theophylline, metoprolol and 
hydrochlorothiazide) were rejected above 60% (see Fig. 5.2). The rejection 
values stayed relatively stable for the duration of the filtration run and also the 
flux remained constant at 1.2x10
-5
 m/s (43 l/m
2
.h). No clear effects of solute 
adsorption were observed, most likely due to the pre-conditioning of the 
membranes and the relatively high solute concentration used. 
 
Figure 5.2: Trace organic compound (TOrC) rejection by a virgin membrane 
after 72 hours of filtration (permeate flux = 1.2x10
-5
 m/s, cross-flow velocity = 
0.2 m/s, pH = 7 and total ionic strength = 10 mM NaCl). 
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5.3.2 Trace organic rejection for fouled membranes 
Organic fouling by alginate resulted in 45% flux decline. Fouling was 
aggravated in the presence of calcium due to specific organic-calcium 
complexation. This resulted in 77% flux decline due to increased hydraulic 
resistance (see Fig. 5.3A). There was 60% decline in permeate flux due to 
colloidal latex fouling. The flux decline was slightly exacerbated for colloidal 
fouling in the presence of calcium. However, the effect of the addition of calcium 
on colloidal fouling was only noticeable after 24 h of fouling (see Fig. 5.3B). 
Membrane permeate flux was reduced by 65% due to fouling by a combination 
of alginate and latex in the absence of calcium. The addition of calcium 
aggravated fouling and the resultant flux decline was 80% for the combined 
fouling in presence of calcium (see Fig. 5.3C). 
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Figure 5.3: Influence of fouling in the presence and absence of calcium on 
permeate flux: A-organic fouling; B-colloidal fouling and C-combined fouling. 
The rejection of the different solutes between the virgin and the fouled 
membranes corrected to similar fluxes after 72 hours of filtration is shown in Fig. 
5.4. Virgin trace organic rejection values are recalculated to the different fluxes 
of the fouled membranes based on the solution-diffusion model (  
        ) – whereby   is determined from the experiments with the virgin 
membrane described above, and rejection is extrapolated as a function of flux). 
Rejections are corrected for concentration polarisation, which is negligible at the 
high cross-flow velocity used (0.2 m/s) for the low fluxes seen here 
(concentration polarization factor < 1.07 for all experiments). Figure 5.4 gives a 
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summary of the rejection values obtained at the end of the filtration runs (after 
72 h). For clarity and easier comparison of rejection between the virgin and 
fouled membranes (at similar fluxes), rejections for the virgin membranes 
corrected for fluxes for the different fouling types is shown as “                ” 
where   is the foulant type. 
The following observations were made from Fig. 5.4A for organic fouling: fouling 
by alginate without the addition of calcium (SA) slightly improved the rejection of 
diclofenac, ketoprofen and hydrochlorothiazide, while the rejection of 
sulfamethoxazole, carbamazepine, theophylline, trimethoprim and lincomycin 
was slightly decreased. The rejection of metoprolol and primidone was hardly 
affected by alginate fouling. When SA fouling was done in the presence of 
calcium, however, the rejection of almost all solutes was improved slightly or 
remained unaffected. The only decline in rejection was observed for 
hydrochlorothiazide and sulfamethoxazole (see Fig. 5.4A). Overall, SA+Ca
2+
 
thus appeared to have an overall more positive effect on rejection than a 
negative effect. Mechanisms leading to increase in trace organic rejection for 
fouling with SA+Ca
2+
 will be evaluated in section 5.3.3. 
Colloidal fouling by latex resulted in a severe decrease in rejection of primidone, 
theophylline, metoprolol, sulfamethoxazole and trimethoprim, while there was 
no major change in rejection of the rest of the compounds (Fig. 5.4B). When 
fouling was done with latex+Ca
2+
, the rejection was improved for all compounds 
except for primidone whose rejection was not really affected. Overall, fouling by 
latex thus appeared to mostly negatively affect rejection, whereas fouling by 
latex+Ca
2+
 appeared to increase rejection. 
The rejection of diclofenac, hydrochlorothiazide, carbamazepine, metoprolol, 
primidone and ketoprofen increased for combined fouling without the addition of 
calcium while the rejection of lincomycin closely followed that of the virgin 
membrane (Fig. 5.4C). A decrease in rejection was observed for theophylline, 
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trimethoprim and sulfmethoxazole. Combined fouling in the presence of calcium 
resulted in improvement in rejection of all trace organics except for theophylline 
(whose rejection was not affected). Overall, combined fouling thus had mixed 
effects on rejection, whereas combined fouling + Ca had a positive effect on 
trace organic rejection. 
 
Figure 5.4: Rejection of trace organics (at similar permeate fluxes) by virgin 
and membranes fouled in the presence and absence of calcium after 72 hours 
of filtration: A-alginate fouling; B-latex fouling and C-combined alginate + latex 
fouling. The permeate fluxes were as follows: 6.5x10
-6
 m/s for SA; 3.99x10
-6
  
m/s for SA+Ca
2+
; 7.35x10
-6
 m/s for latex; 5.05x10
-6
 m/s for latex+Ca
2+
; 4.23x10
-6
 
m/s for combined SA+latex and 2.51x10
-6
 m/s for combined SA+latex+Ca
2+
. 
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It is thus clear that, depending on the foulant type, trace organic rejection is 
increased for some compound-foulant combinations, decreased for others and 
unaffected for some combinations as well. Rejection values closer to that of the 
virgin membrane (which follow the rejection trend as predicted by the solution-
diffusion model) indicate that flux is in fact playing a major role in the rejection of 
the trace organics as previously shown in Chapter 4. If rejection values were 
plotted without correcting for flux, a decrease in rejection of all trace organics 
over time would be noted. 
From Fig. 5.4, some more insight should now be obtained on what are the 
major factors affecting trace organic rejection by the fouled membranes. An 
increase in trace organic rejection for the fouled membranes might be attributed 
to a number of factors: 1) formation of a dense cake layer with rejection 
properties, or blocking of pores by the fouling layer, whereby trace organics are 
increasingly rejected through sieving mechanisms (Bellona et al., 2004; 
Hajibabania et al., 2011); 2) an increase in non-electrostatic repulsions (i.e. 
repulsive membrane-trace organic interactions due to polar interactions, 
Verliefde, 2008); or 3) an increase in electrostatic repulsions. Previous studies 
have already shown that the rejection of a single compound can be influenced 
by a combination of these factors (Hajibabania et al., 2011).  
To more closely investigate the role of the different potential mechanisms, the 
relative change in solute permeation (or relative permeation) is plotted as a 
function of molecular weight of the trace organics, solute charge and as a 
function of membrane-trace organic affinity interactions (computed based on the 
surface tension component approach, see section 2.1.2.4) in section 5.3.3. 
Solute permeation was computed from            , where    is solute 
concentration in the permeate and    is solute concentration in the feed. The 
relative change in % permeation was therefore calculated from 
                           where        , is solute concentration in the permeate 
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of a clean/virgin membrane and          is solute concentration in the permeate 
of a fouled membrane. A positive relative permeation value indicates lower 
rejection for the fouled membrane compared to clean membrane, while a 
negative permeation value signifies a higher rejection for the fouled membrane 
compared to that of the virgin membrane (at similar fluxes).  
If a decline in trace organic rejection is seen for the fouled membranes 
compared to the virgin membranes (due to increase in solute permeation), this 
is hypothesized to be caused by one or a combination of the following factors: 
1) an increased partitioning of the trace organic due to increased solute-
membrane affinity or electrostatic attraction towards the fouled membrane 
surface (Verliefde, 2008) and 2) cake-enhanced concentration polarisation 
effects (Lee et al., 2004; Lee et al., 2006; Yangali-Quintanilla et al., 2009). The 
role of affinity interactions will be evaluated by plotting relative solute 
permeation versus membrane-trace organic interaction energies, while the role 
of cake-enhanced concentration polarisation effects will be elucidated by 
carrying out novel sequential fouling experiments (see section 5.3.3.4). 
5.3.3 Potential factors influencing solute permeation through fouled 
membranes 
Previous studies investigating the role of fouling on trace organic rejection, have 
mainly focused on the role of increased steric hindrance (due to pore blocking 
or sieving by the foulant cake) and increased electrostatic repulsions to explain 
increases in rejection due to fouling. There are only very few studies that have 
quantified the effects of non-electrostatic membrane-solute interactions on 
rejection of trace organics for fouled membranes, via determination of the 
membrane-solute free energies of interaction (     ) (Verliefde, 2008). 
Therefore, in this study membrane-solute free energies of interaction are 
quantified and related to relative change in permeation of trace organics 
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between fouled and virgin membranes (see section 5.3.3.2). In investigating 
mechanisms influencing solute permeation through membranes, the graphs are 
drawn from all data points (shown in Fig. 5.4). 
5.3.3.1 Role of sieving effects 
This section aims at investigating the influence of fouling on permeation of trace 
organics through nanofiltration membranes. The relative change in permeation 
is related to solute molecular weight so that the influence of fouling on 
permeation of smaller solutes can be compared to that of larger solutes. Figure 
5.5 shows the relative change in permeation of trace organics between fouled 
membranes and virgin membranes, plotted as a function of solute molecular 
weight (MW). Sieving mechanisms are mainly determined by the molecular 
weight of trace organics, relative to molecular weight cut-off of the membrane: 
higher molecular weight trace organics have better rejection (i.e. permeation is 
lower) than lower molecular weight trace organics. Solutes with molecular 
weight higher than the molecular weight cut-off of the membrane (which is 200 
– 300 g/mol for the NF-270 membrane) have more or less similar rejection 
values. Fouling results in narrowing of membrane pores. If steric hindrace is the 
major rejection mechanisms, fouling would lead to a sharp increase in rejection 
(or sharp decrease in relative permeation) of lower molecular weight trace 
organics while the rejection of higher molecular weight trace organics increases 
slightly (or relative permeation decreases slightly) thereby leading to the S-
shaped curve.  
Trace organic permeation increased more for fouling without the addition of 
calcium compared to fouling in the presence of calcium (Fig. 5.5A – Fig. 5.5C). 
When fouling was done in the presence of calcium, the permeation of most 
trace organics decreased and therefore rejection improved. In general, both 
increases and decreases in trace organic permeation were observed for smaller 
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and larger molecular weight compounds. However, permeation of smaller 
solutes increased more than that of larger solutes. It may therefore be 
concluded that some trace organics were rejected through steric hindrance 
(Bellona et al., 2004; Nghiem et al., 2005). However, sieving mechanisms are 
not the major trace organic rejection mechanism for fouled membranes. 
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Figure 5.5: Role of fouling on relative change in permeation of smaller and 
larger molecular weight trace organics through membranes fouled in the 
presence and absence of calcium: A-organic fouling; B-colloidal fouling; C-
combined fouling. 
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5.3.3.2 Role of non-electrostatic membrane-trace organic affinity  
Table 5.4 shows contact angles of the different trace organics used in this 
study. Surface tension components of the organics are presented in Table 5.5. 
From the surface tension components, membrane-solute non-electrostatic 
interactions were computed. 
Table 5.4: Contact angles of membranes and trace organic compounds at 95% 
confidence interval (  = 30). 
 Contact angle (
o
) 
Water Diiodomethane Glycerol 
Virgin membrane 43 ± 0.7 60 ± 1.4 88 ± 0.8 
Carbamazepine 45 ± 0.8 14 ± 0.3 47 ± 0.9 
Diclofenac 21 ± 0.3 12 ± 0.1 40 ± 0.6 
Lincomycin 12 ± 0.2 32 ± 0.3 55 ± 0.8 
Sulfamethoxazole 63 ± 0.9 15 ± 0.2 52 ± 0.8 
Trimethoprim 57 ± 0.8 28 ± 0.3 71 ± 1.0 
Theophylline 31 ± 0.5 12 ± 0.1 41 ± 0.5 
Atenolol 60 ± 0.9 46 ± 0.4 79 ± 1.1 
Ketoprofen 48 ± 0.7 21 ± 0.2 50 ± 0.8 
Metoprolol 15 ± 0.2 19 ± 0.2 52 ± 0.8 
Hydrochlorothiazide 48 ± 0.7 13 ± 0.1 40 ± 0.6 
 
Table 5.5: Surface tension components of membranes and trace organic 
compounds at 95% confidence interval (  = 30). 
 Surface tension components (mJ/m
2
) 
γ
LW
 γ
+
 γ
-
 γ
 tot
 
Virgin membrane 25 ± 0.8 0 49 ± 0.8 26 ± 0.8 
Carbamazepine 49 ± 0.9 0.1 31 ± 0.5  52 ± 0.9 
Diclofenac 49 ± 0.6 0 53 ± 0.6 51 ± 0.8 
Lincomycin 40 ± 0.5 0 66 ± 0.7 40 ± 0.7 
Sulfamethoxazole 49 ± 0.5 0.3 ± 0.1 11 ± 0.1 53 ± 0.7 
Trimethoprim 40 ± 0.4 0 24 ± 0.3 40 ± 0.5 
Theophylline 49 ± 0.6 0.1 43 ± 0.5 52 ± 0.8 
Atenolol 31 ± 0.4 0 25 ± 0.3 31 ± 0.4 
Ketoprofen 47 ± 0.6 0 30 ± 0.3 49 ± 0.8 
Metoprolol 44 ± 0.6 0 60 ±0.5 44 ± 0.5 
Hydrochlorothiazide 49 ± 0.6 0.6 ± 0.1 21 ± 0.1 57 ± 0.8 
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Virgin membrane-solute       were positive or repulsive for all compounds (see 
Fig. 5.6), and therefore no spontaneous partitioning of the solutes due to non-
electrostatic affinity should occur (Verliefde et al., 2009). This however does not 
mean that rejection will be complete, as there is a convective driving force of 
solutes towards the membrane surface and the solute sizes are smaller than 
the pore size. All the compounds therefore showed rejection, but not complete 
as there was permeation of solutes through the membrane. There is no clear 
observable relationship between solute permeation and membrane-solute non-
electrostatic interaction. 
 
Figure 5.6: Trace organic rejection as a function of membrane–solute free 
energies of interaction. 
To investigate the effect of fouling on membrane-trace organic non-electrostatic 
interactions and resultant effect on solute permeation, the relative change in 
solute permeation values of model neutral trace organics was plotted as a 
function of membrane-trace organic interaction energies in Figure 5.7. Only 
uncharged trace organics are plotted, so that the role of membrane-trace 
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organic charge interactions (or electrostatic interactions) can be separated from 
membrane-trace organic affinity interactions.  
In contrast to the virgin membrane, it is clear that membrane-trace organic 
interactions are attractive (i.e.      is negative) for all solutes for all fouled 
membranes (see Fig. 5.7A – Fig. 5.7C). This shows that trace organic affinity 
for the membrane surface increased. Trace organic permeation increased for 
some solutes and decreased for others.  
For each fouling type, trace organic permeation mostly increased for solutes 
which had the highest affinity for the fouled membranes. The only exception 
was for latex+Ca
2+
 and combined latex+SA+Ca
2+
 fouling (Fig. 5.7A). This shows 
that membrane-solute affinity interactions played a role and resulted in 
decreases in trace organic rejection thereby corroborating results presented in 
chapter 4. Since both increases and decreases in solute permeation were noted 
for the same fouling layer, membrane-solute non-electrostatic affinity cannot be 
the major or only parameter controlling trace organic rejection by fouled 
membranes. From the graphs of individual fouling (Fig. 5.7A and Fig. 5.7B) it is 
observable that trace organics have high affinity for the membranes fouled in 
the presence of calcium compared to membranes fouled without the addition of 
calcium. The opposite was noted for combined fouling (Fig. 5.7C). 
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Figure 5.7: Role of membrane-trace organic affinity interactions on permeation 
of solutes through membranes fouled in the presence and absence of calcium: 
A-alginate fouling; B-latex fouling and C-combined fouling. 
-60 -50 -40 -30 -20 -10
-60
-40
-20
0
20
40
60
80
Hydro
Hydro
Prim
Prim
Sulf
Sulf
Carb
Carb
A
R
e
la
ti
v
e
 P
e
rm
e
a
ti
o
n
 (
%
)
Interaction energy (x10
-18
 mJ/m
2
)
 SA
 SA+Ca
2+
-80 -60 -40 -20 0
-80
-40
0
40
80
120
160
200
Hydro
Hydro
Prim
Prim
Sulf
Sulf Carb
Carb
B
R
e
la
ti
v
e
 P
e
rm
e
a
ti
o
n
 (
%
)
Interaction energy (x10
-18
 mJ/m
2
)
 Latex
 Latex+Ca
2+
-80 -60 -40 -20 0
-80
-60
-40
-20
0
20
40
Hydro
Hydro
Prim
Prim
Sulf
Sulf
Carb
Carb
C
R
e
la
ti
v
e
 P
e
rm
e
a
ti
o
n
 (
%
)
Interaction energy (x10
-18
 mJ/m
2
)
 Combined
 Combined+Ca
2+
!} 
<l • 
" ! 
' 
ij 
T 
I) 
! 
!} 
i) 
• 
i) 
"' i) 
' 
• • 
() 
~ • 
"" ! 
' 
' 
' 
Chapter 5: Influence of specific membrane-foulant-solute affinity interactions (     ) in 
transport of trace organic solutes through fouled nanofiltration (NF) membranes 
152 
 
5.3.3.3 Role of electrostatic interactions 
To investigate whether electrostatic interactions were playing a role in trace 
organic rejection for the fouled membranes, the relative change in permeation 
values of the trace organics were plotted as a function of solute charge (see 
Fig. 5.8). Permeation of positively charged trace organics increased for fouling 
without the addition of calcium. The only exceptions were for metoprolol 
permeation for alginate fouling (Fig. 5.8A), lincomycin permeation for latex 
fouling (Fig. 5.8B) and metoprolol and lincomycin for combined fouling (Fig. 
5.8C). Permeation of these solutes was not influenced showing that the 
rejection of these solutes was dependent on permeate flux. The permeation of 
negatively charged trace organics mostly decreased (except for the permeation 
of trimethoprim whose permeation increased for all fouling types in the absence 
of calcium) (see Fig. 5.8). The increase in permeation of trimethoprim for fouling 
without the addition of calcium can be attributed to cake-enhanced 
concentration polarisation effects (Hajibabania et al., 2011; Kimura et al., 2009; 
Lee et al., 2006, 2004; Yangali-Quintanilla et al., 2009). Generally, permeation 
decreased more for fouling in the presence of calcium compared to fouling 
without the addition of calcium. 
The increase in permeation of positively charged trace organics for fouling in 
the absence of calcium could be attributed to increased electrostatic 
membrane-trace organic affinity for the fouled membranes, which lead to 
increased “charge concentration polarisation” (i.e. increases in trace organic 
concentration at the membrane surface due to electrostatic attraction) and 
therefore increase in permeation or lower rejections. The permeation of 
negative trace organics mostly decreased for fouling in the absence of calcium 
because of decreases in trace organic concentration at the membrane surface 
due to electrostatic repulsion. 
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In the previous chapters, and also works of others, it has been extensively 
shown that membrane surfaces typically become neutralised when alginate, 
latex and combined fouling is done in the presence of calcium. The virgin 
membrane zeta potential decreased from -17 mV to -4.6 mV, -3.2 mV and -5.4 
mV for alginate+Ca
2+
, latex+Ca
2+
 and combined alginate+latex+Ca
2+
 fouling 
respectively (see chapter 4). Therefore, the larger decrease in permeation of 
positively charged trace organics for fouling with the addition of calcium, and the 
decrease in permeation of negatively charged trace organics for fouling in the 
absence of calcium can indeed be partially attributed to increases in 
electrostatic repulsions. Charge interactions do not play a role in rejection of 
neutral trace organics. The permeation of neutral trace organics (regardless of 
the presence of the addition of calcium) was therefore controlled by sieving and 
non-electrostatic membrane-solute affinity interactions. 
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Figure 5.8: Role of membrane-trace organic charge interactions on permeation 
of trace organics for membrane fouled in the presence and absence of calcium: 
A-alginate fouling; B-latex fouling and C-combined fouling. 
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5.3.3.4 Sequential fouling experiments to investigate the role of 
cake-enhanced concentration polarisation effects 
In literature, a decrease in trace organic rejection has been attributed in 
different papers to cake-enhanced concentration polarisation effects 
(Hajibabania et al., 2011; Kimura et al., 2009; Lee et al., 2006, 2004; Yangali-
Quintanilla et al., 2009). However, rarely clear proof is provided. In this study, a 
novel fouling approach is used to experimentally elucidate the significance of 
cake-enhanced concentration polarisation effects on rejection of trace organics. 
This approach is unique from that of previous studies which have used the 
cake-enhanced concentration polarisation model to investigate cake-enhanced 
concentration polarisation effects in colloidal fouling (Chong et al., 2007; Hoek 
and Elimelech, 2003; Hoek et al., 2002).  
The rejection of some neutral trace organics was improved by the fouling layer 
while for others rejection decreased (Fig. 5.8). In this section the rejection of all 
neutral compounds is further investigated so that fouling layers which result in 
cake-enhanced concentration polarisation effects can be isolated. In order to 
filter out the effects of non-electrostatic affinity interaction energies from cake-
enhanced concentration polarisation and investigate if cake-enhanced 
concentration polarisation effects really play a role, membrane-trace organic 
interaction energies were computed for all neutral compounds. These 
interaction energies were compared between alginate fouled membranes and 
latex fouled membranes (in the presence and absence of calcium). Contact 
angles as well as surface tension components of alginate and latex fouled 
membranes can be found in Tables 3.7 and 3.8, respectively. Table 5.6 shows 
the interaction energies, and it is apparent that trace organics have similar 
affinities for membranes fouled with alginate to that of membranes fouled with 
latex, which corroborates our previous findings (see Chapter 4). For example 
primidone-alginate fouled membrane interaction energy is -18 x10
-18
 mJ/m
2
 and 
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primidone-latex fouled membrane interaction energy is -21 x10
-18
 mJ/m
2
. For 
fouling in the presence of calcium, trace organics also have similar affinities for 
membranes fouled with alginate to that of membranes fouled with latex (see 
Table 5.6). Trace organics have higher affinity for membranes fouled in the 
presence of calcium compared to those fouled without the addition of calcium. 
Table 5.6: Trace organic affinity interactions for membranes fouled in the 
presence and absence of calcium. The results are presented at 95% confidence 
interval for   = 30. 
Trace organic Interaction energies (x10
-18
 mJ/m
2
) 
SA  
fouled 
Latex  
fouled 
SA+Ca
2+
  
fouled 
Latex+Ca
2+
  
fouled 
Primidone -18 ± 0.8  -21 ± 0.8 -54 ± 1.5 -57 ± 1.5 
Carbamazepine -9 ± 0.6 -10 ± 0.5 -51 ± 1.3 -50 ± 1.1 
Sulfamethoxazole -39 ± 0.8 -42 ± 1.1 -63 ± 1.8 -69 ± 1.6 
Hydrochlorothiazide -16 ± 0.7 -18 ± 0.6 -52 ± 1.1 -54 ± 1.5 
 
Since all trace organics have similar interaction energies with latex and alginate 
(with and without presence of calcium, respectively), it is clear that by carrying 
out sequential fouling experiments in which first alginate is used to foul, and 
then latex (or the other way around), interaction energies with trace organics will 
not change. As such, if increases in permeation (for rejection corrected for flux) 
are observed between the former and subsequent fouling, it cannot be due to 
non-electrostatic membrane affinity or electrostatic interactions (since neutral 
solutes are being used), but it has to be due to cake-enhanced concentration 
polarisation.  
Fouling was done at an initial permeate flux of 1.2x10
-5
 m/s (approximately 43 
lm
-2
.h
-1
). Fluxes are shown in Table 5.7 and Table 5.8. Subsequent fouling with 
latex (after initial fouling with alginate) did not result in further noticeable decline 
in permeate flux (see Table 5.7). However, when fouling was initiated with 
alginate+Ca
2+
 followed by fouling with latex+Ca
2+
, the flux declined further. 
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Initial fouling with latex and subsequent fouling with alginate resulted in further 
decline in flux (see Table 5.8). Similar observations were made for initial 
latex+Ca
2+
 fouling followed by alginate+Ca
2+
. 
Table 5.7: Fluxes for initial fouling with alginate and later fouling with latex: total 
fouling time is 72 hours. 
Initial fouling (36h) Later fouling (36h) 
Fouling type Flux (m/s) Fouling type Flux (m/s) 
SA 7.01x10
-6
 latex 6.99x10
-6
 
SA (repeat) 6.98x10
-6
 latex+Ca
2+
 5.31x10
-6
 
SA+Ca
2+
 3.96x10
-6
 latex 3.79x10
-6
 
 
Table 5.8: Fluxes for initial fouling with latex and later fouling with alginate: total 
fouling time is 72 hours. 
Initial fouling (36h) Later fouling (36h) 
Fouling type Flux (m/s) Fouling type Flux (m/s) 
latex 9.09x10
-6
 SA 8.21x10
-6
 
latex (repeat) 9.11x10
-6
 SA+Ca
2+
 7.72x10
-6
 
latex+Ca
2+
 8.89x10
-6
 SA 7.74x10
-6
 
 
In order to investigate cake-enhanced concentration polarisation effects, the 
relative change in solute permeation upon subsequent fouling is shown (see 
Fig. 5.9). Subsequent fouling with latex without the addition of calcium resulted 
in minor decrease in permeation of carbamazepine and sulfamethoxazole 
compared to permeations measured at the end of the initial fouling run with 
alginate. However, the decrease in permeation was not substantial. The 
permeation of primidone and hydrochlorothiazide was not influenced (Fig. 
5.9A). Also, when later fouling was done with latex+Ca
2+
 (for initial fouling with 
alginate+Ca
2+
), the permeation of all trace organics was decreased (Fig. 5.9A). 
When subsequent fouling with alginate follows fouling of a membrane with latex, 
the permeation of all compounds increased slightly (Fig. 5.9B). When initial 
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fouling was done with latex+Ca
2+
, trace organic permeation was decreased for 
all trace organics upon subsequent fouling with alginate+Ca
2+
 (Fig. 5.9B). 
 
Figure 5.9: Sequential fouling to investigate cake-enhanced concentration 
polarisation effects: A-initial fouling with alginate in the presence and absence 
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of calcium and later fouling with latex; B-initial fouling with latex in the presence 
and absence of calcium and later fouling with alginate.  
The following observations can thus be made: 1) later fouling with latex resulted 
in decrease in permeation of some trace organics, while later fouling with 
alginate increased trace organic permeation; and 2) regardless of foulant type, 
subsequent fouling with the addition of calcium decreased trace organic 
permeation and therefore increased rejection. The increase in permeation for 
later fouling with alginate cannot be attributed to change in membrane-trace 
organic affinity interactions as trace organics have similar affinity for 
membranes fouled with alginate to that of membranes fouled with latex in the 
absence of calcium (see Table 5.6). Also, since neutral organics were used, the 
increase in permeation cannot be attributed to electrostatic effects. Increased 
size exclusion would result in decreased permeation values. Therefore, the 
increase in trace organic permeation had to be due to cake-enhanced 
concentration polarisation effects. The addition of calcium decreased trace 
organic permeation (for some compounds) due to reduction in the influence of 
cake-enhanced concentration polarisation effects as observed in Chapter 3 for 
carbamazepine rejection. 
5.4 Conclusions 
The rejection of trace organic compounds (trace organics) by virgin membrane 
is through sieving mechanisms and repulsive membrane-trace organic 
interactions. Upon fouling the following observations can be made when 
rejection by fouled membranes is compared to that of a virgin membrane at 
similar fluxes: 1) rejection follows closely that of the virgin membrane (as 
predicted by the solution-diffusion model), 2) rejection is more than that of the 
virgin membrane and 3) rejection is less than that of the virgin membrane. 
When rejection for the fouled membranes follows that of the virgin membrane, 
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then trace organic rejection is influenced by flux effects. Trace organics are 
rejected more by fouled membranes than the virgin membrane because of 
increased electrostatic membrane-trace organic repulsions (between negative 
trace organics and membranes fouled in the absence of calcium) but not 
increase in repulsive non-electrostatic membrane-trace organic interactions. A 
lower rejection than predicted by the solution-diffusion model is due to increase 
in membrane-trace organic non-electrostatic attractive interactions which 
increase trace organic partitioning and cake-enhanced concentration 
polarisation effects for alginate fouling. It was concluded that various 
mechanisms play a role in rejection of a single compound. 
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6.1 Introduction 
In the previous chapters it has been shown that membrane fouling degrades 
membrane performance in terms of permeate flux and rejection of some trace 
organic pollutants. As highlighted in the first chapter, there are studies which 
have focused on fabricating polyethersulfone (PES) membranes with anti-
fouling properties. The studies have incorporated hydrophilic materials such as 
TiO2, Al2O3, zeolites, MgO, ZnO and cellulose fibrils into PES membranes to 
increase membrane surface hydrophilicity and reduce membrane fouling. 
Recently Liu et al. (2012) coupled graphene oxide (GO) and zinc oxide (ZnO) to 
formed ZnO-GO composite. The coupled GO-ZnO composite showed 
enhanced photocatalytic activity compared to GO and ZnO alone. While the 
combination of GO-ZnO has shown excellent properties, a blend of these 
nanoparticles has never been incorporated in membranes for water filtration, 
although it could have some beneficial effects such as improved photocatalytic 
activity.  
Therefore this study aims at investigating the effects of incorporating a GO-ZnO 
blend in polyethersulfone (PES) membranes in order to derive the full benefit 
from the positive effects of the concurrent use of GO and ZnO. Photocatalytic 
properties of membranes are not very useful in membrane filtration of 
wastewater where there is a short residence time. However, these membranes 
can be used in membrane bioreactor systems where the residence time is 
longer. Antimicrobial properties of the membranes may be fundamental in 
reducing biofouling. Graphene oxide was synthesised from graphite powder 
using a modified Hummers method (Hummers and Offeman, 1958), followed by 
synthesis of nanohybrid GO-ZnO nanoparticles with zinc nitrate being the 
source of ZnO. This work therefore seeks to study the effect of ZnO-GO/PES 
membrane synthesis methods on the resulting properties of nanohybrid 
membranes, and to establish whether membranes with high fluxes, low salt 
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rejection properties (for low energy wastewater reuse), high trace organic 
rejection and reproducible test results could be produced by varying the 
synthesis method. In the first method, membrane casting is done once followed 
by coagulation. This method was called “single-casting phase inversion” or 
SCPI. In the second method, the membrane is casted twice before coagulation 
(double-pass casting). The synthesis method was therefore called “double-
casting phase inversion” or DCPI. To the best of the author’s knowledge, the 
DCPI method has not been well documented by others. The DCPI approach 
employed two solutions; one with PES + polyvinylpyrrolidone (PVP) and the 
other with only PES + nanoparticles (but no PVP). PVP was used as an efficient 
pore-forming agent for GO-ZnO PES membranes to increase water 
permeability. In the DCPI method, the GO-ZnO nanoparticles are only added in 
the top layer of the membrane. Previous works have simultaneously used two 
layer casting solutions to produce membranes with multiple structures. For 
example, Dang and co-workers (Dang et al., 2008) casted a solution of PES 
and hydrophilic surface modifying macromolecules (LSMM6) twice with the aim 
of producing defect-free membranes. In another study, Pereira and co-workers 
(Pereira et al., 2001) used a double casting knife to simultaneously cast two 
solutions of different polymers with varying compositions and additives. After 
synthesis based on the SCPI and DCPI methods, the membranes were 
characterised for various properties such as contact angle and the derived 
surface tensions/interfacial energies, surface and cross-sectional morphology 
and pure water permeability, and thereafter their application in the treatment of 
water contaminated with a wide range of trace organics was assessed. The 
effects of the addition of GO-ZnO on membrane fouling propensity was 
evaluated using a 50 mg/l alginate solution. The rejection of trace organics and 
fouling behaviour was related to non-electrostatic membrane-solute affinity. The 
solute-membrane affinities were computed from contact angles of solutes and 
membranes based on the surface tension component approach (Jin et al., 
2009; Kim and Hoek, 2007). 
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6.2 Materials and methods 
6.2.1 Graphene oxide – zinc oxide (GO-ZnO) hybrid nanoparticles 
6.2.1.1 Synthesis of graphene oxide (GO) 
Graphite was used as a precursor material for the synthesis of the graphene 
oxide nanoparticles. This was achieved by oxidation of graphite following a 
modified Hummers method (Hummers and Offeman, 1958).  
Graphite grains (8 g) (Sigma Aldrich, Switzerland) were placed in a 1 l beaker 
together with 6 g of sodium nitrate (NaNO3) (VWR Chemicals BDH Prolabo, 
Australia). The beaker was put in an ice bath and 270 ml of 95% sulphuric acid 
(H2SO4) (VWR Chemicals BDH Prolabo, Australia) was added. This was 
followed by vigorous stirring and gradual addition of 36 g potassium 
permanganate (KMnO4) (Union Chemique Belge, Brussels, Belgium) over 1 h. 
The suspension was continuously stirred in the ice bath for an additional 2 h 
after which it was taken out of the ice bath and stirred at room temperature for 5 
days to complete the oxidation reaction as far as possible. An aqueous solution 
of 5% H2SO4 (400 ml) was added over a period of 1 h after the 5 days of stirring. 
The solution was then heated gradually over a period of 1 h to a temperature of 
98 °C. Upon reaching this temperature, the suspension was stirred for 2 h. 
Finally the suspension was cooled down to room temperature and 80 ml of 30 
wt% hydrogen peroxide (H2O2) solution (Chem-Lab NV, Belgium) was added, 
followed by stirring for an additional 2 h. The H2O2 reacted with the excess of 
KMnO4 that was still present, for easier purification purposes. After this the 
graphene oxide was separated by centrifugation (Sigma 3-16P) at 3372 g for 20 
min. The obtained graphene oxide was washed several times to remove 
impurities such as the ions that were still present from the reagents used in the 
oxidisation reaction. To wash the graphene oxide, the supernatant was 
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decanted and replaced with an aqueous solution of 5% hydrochloric acid (HCl) 
(VWR Chemicals BDH Prolabo, Australia). The graphene oxide was suspended 
again and shaken vigorously, after which it was centrifuged again. This cycle 
was repeated 3 times. The washing cycle was then repeated 3 more times with 
deionised water instead of the HCl solution to fully remove the remaining acid. 
Once the graphene oxide had been washed, it was kept in an oven at 60°C until 
it was dry (18 h). 
6.2.1.2 Synthesis of graphene oxide-zinc oxide (GO-ZnO) nanohybrid 
The synthesis of the nanohybrid material commenced as follows: 0.5 g of the 
previously produced and dried graphene oxide was dispersed in 200 ml of 
deionised water. Next, the graphene oxide was exfoliated using ultrasonication 
(Elma D-78224, Germany) for 30 min, and thereafter 0.2 M zinc nitrate 
(Zn(NO3)2) (Sigma Aldrich, Croatia) was added drop-wise to the graphene oxide 
suspension with vigorous stirring to make sure that there was good contact 
between the graphene oxide and the zinc salt. This suspension was 
ultrasonicated one more time for 30 min to optimise the contact between the 
zinc and the graphene oxide sheets. The suspension was then stirred for 2 h. 
While stirring, the pH of this suspension was checked and adjusted to pH 7 with 
a 25% ammonia solution (NH4OH) (VWR Chemicals BDH Prolabo, Australia) to 
avoid acidic catalysed reduction at elevated temperatures. The stirred 
suspension was then kept static at 90 °C in the oven for 9 h. The suspension 
was centrifuged at 3372 g for 30 min and the supernatant was decanted. The 
graphene oxide - zinc oxide (GO-ZnO) nanohybrid was dried overnight at 80 °C 
in the oven. When the nanocomposite was dry, it was calcined in a muffle 
furnace for 2.5 h at 500 °C to crystallise the ZnO on the GO and to give the final 
product. 
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6.2.2 Characterisation of nanohybrid 
The GO and GO-ZnO nanohybrids were characterised using Raman and 
Fourier transform infrared spectroscopy (FT-IR). Raman spectroscopy was 
performed using a Raman Micro200 (Perkin Elmer, USA) with a 750 nm laser. A 
small amount of the product (covering the tip of a spatula) was placed on a 
glass slide. This glass slide was then placed under an Olympus BX51 (Japan) 
microscope to view the product at the desired magnification. The laser beam 
was focused on the sample and its Raman scattering spectra were measured. 
The bond between GO and ZnO was not determined. Previous researchers 
have reported on immobilisation of graphene oxide on nanomaterials by various 
methods such as physical adsorption (Battaglini, 2000; Palanisamy et al., 
2013). The interaction between GO and ZnO in this study is believed to be 
physical adsorption. In addition, the purity of the synthesised materials was not 
measured in this work. 
6.2.3 Casting solutions and membrane synthesis 
6.2.3.1 Preparation of casting solutions 
A number of PES casting solutions were prepared with and without 
polyvinylpyrrolidone (PVP). The content of the casting solutions is shown in 
Table 6.1. The amount presented in the table is the weight percentage (wt%) of 
each component in the total weight of the casting solution. Each casting solution 
contained 22 wt% polyethersulfone (PES). Polyethersulfone (PES) (Solvay, 
Belgium) was selected as the base material because of its excellent properties 
(such as thermal stability, chemical resistance and strength) that still apply 
when PES is transformed to a membrane. Polyvinylpyrrolidone or PVP (Sigma 
Aldrich, China) was added (4 wt%) to enhance pore formation. The load of GO-
ZnO nanohybrid in the casting solution varied from 0% to 0.2%, similar to 
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concentrations of other nanoparticles used in membranes (Balta et al., 2012; 
Lee et al., 2013; Shen et al., 2012; Zinadini et al., 2014). N-Methyl-2-pyrrolidone 
or NMP (Sigma Aldrich, Netherlands) was added as solvent and adjusted 
accordingly to obtain a total of 100% based on an initial set weight for the 
casting solution.  
For preparation of casting solutions with GO-ZnO, desired amounts of GO-ZnO 
(Table 6.1) were first dispersed in some NMP solvent (5 ml to 10 ml). The 
dispersions were ultrasonicated for 30 min and continuously stirred vigorously. 
They were then added to freshly prepared PES casting solutions (with and 
without PVP) and stirred for 1 h to mix well.  
Table 6.1: Content in wt% for the different casting solutions. 
 
In this study PES GO and PES ZnO membranes were not synthesised but only 
PES GO-ZnO membranes. GO-ZnO has been shown to have better properties 
than either GO and ZnO alone in terms of photocatalytic activity and 
hydrophilicity (Liu et al., 2012). Synthesis of PES GO-ZnO membranes was 
preferred in this study because the membranes were expected to have 
improved structural stability, photocatalytic properties and hydrophilicity (and 
therefore foul less) than PES GO and PES ZnO membranes. 
Membrane type Concentration (wt%) 
PES PVP NMP GO-ZnO 
PES 22 0 78.00 0 
PES + 0.0125% GO-ZnO 22 0 77.98 0.0125 
PES + 0.025% GO-ZnO 22 0 77.96 0.025 
PES + 0.05% GO-ZnO 22 0 77.95 0.05 
PES + 0.2% GO-ZnO 22 0 77.80 0.2 
PES/PVP 22 4 74.00 0 
PES/PVP + 0.0125% GO-ZnO 22 4 73.98 0.0125 
PES/PVP + 0.025% GO-ZnO 22 4 73.96 0.025 
PES/PVP + 0.05% GO-ZnO 22 4 73.95 0.05 
PES/PVP + 0.2% GO-ZnO 22 4 73.80 0.2 
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For the membranes to be synthesised based on the DCPI approach, two 
casting solutions were prepared. The content of the first (“base”) casting 
solutions can be found in Table 6.1, while the composition of the second (“top”) 
casting solutions can be found in Table 6.2. The first solution comprised of PES 
(and PVP if needed). This solution, which would serve as support layer was 
labelled solution A. The second solution comprised of PES + nanohybrid GO-
ZnO (at varying GO-ZnO concentrations). No PVP was added in this solution. 
The second solution was labelled solution B. All casting solutions were allowed 
to rest (in the dark) overnight to ensure complete release of air bubbles before 
casting. The DCPI method presented in this study can be applied in practice on 
continuous scale production because: 1) it is a facile technique; 2) less time 
consuming and 3) produces more reproducible membranes. 
Table 6.2: Composition of casting solutions (wt%). 
Solution A Solution B 
22% PES (for PES membranes) 22% PES + 0.0125% GO-ZnO 
22% PES + 4% PVP (for PES/PVP membranes) 22% PES + 0.025% GO-ZnO 
 22% PES + 0.05% GO-ZnO 
 22% PES + 0.2% GO-ZnO 
 
6.2.3.2 Membrane synthesis 
Membranes were synthesized using the conventional non-solvent phase 
inversion, with a single casting (Blanco et al., 2006; Ganesh et al., 2013; Young 
and Chen, 1995) and double casting. A schematic representation of the single 
casting is shown in Fig. 6.1 while Fig. 6.2 shows a schematic diagram of the 
double casting technique.  
For the SCPI approach, once the casting solutions had been prepared, the 
membranes were cast on a glass plate using a casting knife (Elcometer 3530, 
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Elcometer, Belgium) and an automatic film applicator (Elcometer 4340 
Automatic film Applicator, Elcometer, Belgium). The casting solutions were 
spread out on the glass plate and the film applicator and casting knife were 
used to spread the solutions out evenly with a thickness of 200 µm (step 1 to 
step 2). The glass plate with the cast film (shown in step 2) was immersed 
immediately in a deionised water coagulation bath at room temperature (step 3). 
After 15 min of coagulation, the cast membranes were calcined at 50 
o
C for 2 
min and thereafter placed in airtight bags filled with deionised (DI) water and 
then kept in the fridge at 5 
o
C before use. Calcination results in evaporation of 
solvent leading to formation of more uniform pores. 
 
Figure 6.1: Schematic representation of casting steps for SCPI membranes 
Figure 6.2 shows the schematic representation of the casting steps. The casting 
knife gap clearance was first adjusted to 190 µm and solution A (i.e. a solution 
of PES (or PES/PVP for PES/PVP membranes)) was cast on the glass plate 
(step 1 to step 2). The glass plate with cast solution A was not removed from 
the film applicator. The casting knife was quickly cleaned and the gap clearance 
adjusted to 200 µm, and solution B (a second solution of PES + GO-ZnO) was 
then cast on top on the previously cast solution A to obtain a thin film containing 
the hybrid nanoparticles (step 3 to step 4). Cleaning and adjusting of the casting 
knife was done within 20 seconds to minimise coagulation of the pre-cast 
solution from the moist in the air, and no coagulation was observed. The first 
layer was not disrupted upon casting the second solution. This was followed by 
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coagulation at room temperature for 15 min (step 5). After coagulation, the 
membranes were heat-treated at 50 °C for 2 min after-which they were placed 
in plastic bags with water and kept at 5 °C overnight. The synthesis steps were 
repeated for the other casting solutions (i.e. for all 8 possible combinations of 
solutions A and B) with different GO-ZnO concentrations.  
 
Figure 6.2: Schematic representation of casting steps for DCPI membranes. 
6.2.4 Membrane characterisation 
After synthesis, the membranes were dried in desiccators and characterised for 
hydrophilicity by measuring their contact angles as explained in section 2.1.2.3. 
From the measured contact angles (± standard deviation), surface tension 
components were calculated (see section 2.1.2.4 for calculation procedure). 
Cross-sectional micrographs of the membranes were obtained using a scanning 
electron microscope (JSM 7600 FESEM, JEOL USA). An irradiation beam of 15 
KV was applied. Before analysis, the membranes were first dried in desiccators 
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for at least 24 h and gold coated at a current of 25 µA for 50 s using an SCD 
005 Cool Sputter Coater (Bal-Tec, Germany). Coating improves the membrane 
conductivity for the electrons. 
The Fourier transform infrared spectroscopy (Perkin Elmer, FT-IR 100, 
PerkinElmer Inc, USA) was utilised to record infrared (IR) spectra of the 
membranes at 25 ˚C in the range of 800 cm
-1 
– 4 000 cm
-1
 to assess its different 
functionalities. 
6.2.5 Filtration experiments and trace organic rejection 
6.2.5.1 Filtration set-up 
All filtration experiments were carried out in a cross-flow filtration setup (Fig. 
6.3). The membrane cell was custom-made and had the following channel 
dimensions: channel width of 4.2 cm, channel length of 8.7 cm and channel 
height of 0.1 cm. The feed solution was fed from a 10 l tank by means of a high 
pressure pump (Hydra-Cell; Wanner Engineering, Minneapolis, Minnesota). The 
feed pressure and cross-flow velocity were controlled by means of inlet and 
outlet needle valves. The feed flow was kept constant at 0.2 m/s for all the 
experiments. Feed pressure was measured using a pressure gauge (ERIKS, 
Belgium). All experiments were performed in recycling mode with permeate and 
concentrate recycled into the feed. 
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Figure 6.3: Membrane filtration cross-flow setup: 1 - feed; 2 - pump; 3 - inlet 
valve; 4 - membrane cell; 5 - concentrate; 6 - pressure gauge; 7 - permeate; 8 - 
outlet valve; 9 - cooling system. 
Membrane pure water permeability, salt rejection and rejection of trace organics 
were determined for all membrane types. The membranes were first compacted 
at 5 bar for a minimum of 4 h or until the flux was stable. Membrane pure water 
permeability was measured at different applied pressures with Milli-Q water. 
This was followed by investigating rejection of salts and a wide range of trace 
organics (see section 6.2.5.2). 
6.2.5.2 Trace organics and analysis 
A total of 23 trace organics was selected based on size, charge and log D (see 
Table 6.3). All solutes were dosed at concentrations of 5 µg/l. Rejection tests of 
trace organics were performed at an applied pressure of 3 bar, background 
electrolyte concentration of 10 mM NaCl and pH 7. Trace organics rejection was 
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determined after 2 h of equilibration. Ideally a longer equilibration time (48 h) is 
required to reach saturation before trace organic rejection is measured 
(Verliefde 2008). Therefore rejection results presented in this work may be 
influenced by temporal adsorption of trace organics. 
After preparation of calibration standards (to bracket all feed and permeate 
sample concentrations), all feed and permeate samples were prepared for 
chromatographic analysis following solid phase extraction (see section 2.2.2). 
The samples were analysed for trace organic content using a Bench-top 
Exactive Orbitrap Mass Spectrometer U-HPLC-HRMS (Thermo-Scientific, San 
José, CA, USA). Detailed information about the instrument and analysis 
technique can be found in section 2.2.2. 
Solute rejection ( ) was calculated from solute concentration in the permeate 
(  ) and feed (  ) based on equation 1.1 which was not corrected for 
concentration polarisation. For a clean membrane, concentration polarisation 
effects are negligible. 
The rejection of solutes was related to specific membrane-solute interactions. 
These interactions govern the membrane-solute affinities which were 
determined via contact angle measurements of membranes and trace organics 
as explained in section 2.1.2.4. 
 
 
 
 
 
Chapter 6: Novel energy-efficient GO-ZnO/PES membranes for wastewater 
reclamation 
 
174 
 
Table 6.3: Trace organics and their selected physicochemical properties (n.a.: 
not applicable) (Verliefde 2008; Alturki et al., 2010; Dang et al., 2014). 
Structural formulae for the organics can be found in Fig. 6.4. 
Compound 
MW  
(g/mol) 
Formula 
Charge 
(pH=7) 
pKa 
Log D 
(pH=7) 
Atrazine 215 C8H14ClN5 Neutral 2.35 2.21 
Bezafibrate 361 C19H20ClNO4 – 3.44 0.69 
Carbamazepine 236 C15H12N2O Neutral 13.94 2.76 
Chloridazon 221 C10H8ClN3O Neutral n.a n.a 
Clofibric acid 214 C10H11ClO3 – 3.35 -0.63 
Diclofenac 296 C14H11Cl2NO2 – 4.08 1.57 
Diglyme 134 C6H14O3 Neutral n.a n.a 
Diuron 233 C9H10Cl2N2O Neutral n.a 2.53 
Hydrochlorothiazide 297 C7H8ClN3O4S2 Neutral 7.9 -0.58 
Ketoprofen 258 C16H14O3 – 4.29 0.41 
Lincomycin 406 C18H34N2O6S + 7.7 -1.33 
Metoprolol 267 C15H25NO3 + 9.49 -0.61 
Pentoxyfilline 278 C13H18N4O3 Neutral n.a 0.48 
Phenazone 188 C11H12N2O Neutral n.a n.a 
Pirimicarb 238 C11H18N4O2 Neutral n.a 1.79 
Primidone 218 C12H14N2O2 Neutral 12.26 n.a 
Propranolol 259 C16H21NO2 + 9.58 0.90 
Simazine 201 C7H12ClN5 Neutral n.a 1.78 
Sulfamethoxazole 253 C10H11N3O3S Neutral 5.7 0.15 
Terbutaline 225 C12H19NO3 + 8.86 -0.97 
Theophylline 180 C7H8N4O2 – 8.8 -0.81 
Triclopyr 256 C7H4Cl3NO3 – n.a -0.82 
Trimethoprim 290 C14H18N4O3 + 7.12 n.a 
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Figure 6.4: Structural formulae for trace organic compounds. 
6.2.6 Fouling experiments 
After the pure water permeability, salt permeability and trace organic rejection 
experiments, the membranes were tested for their fouling resistance in a cross-
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flow filtration setup (Fig. 6.3) using 50 mg/l sodium alginate (Sigma Aldrich, 
United Kingdom) and 10 mM NaCl (Sigma Aldrich, Belgium) as background 
electrolyte. A high foulant concentration was used to accelerate fouling. Fouling 
was done over a period of 6 h. Membrane fluxes were determined at selected 
time intervals. Initial membrane fouling was related to membrane-alginate 
interactions. These interaction energies (affinities) were computed from 
measured contact angles of the membranes, and filtered lawns of alginate. 
6.3 Results and discussion 
6.3.1 GO and GO-ZnO characterisation 
The Raman spectra of the GO and the ZnO-GO nanohybrid are shown in Fig. 
6.5. Three major bands are present in the spectrum: a broad band around 300 
cm
-1
 and two sharper bands at 1 350 cm
-1
and 1 600 cm
-1
. The band at 1 600 
cm
-1 
is the G-band and is the result of the graphitic carbon in the structure. The 
band at 1 350 cm
-1
 is the D-band and is associated with defects or disordered 
domains in the graphitic domain (Chen et al., 2013). The D-band is very strong 
which confirms the structural defects of the basal planes by the presence of 
functional groups. The G and D bands are caused by first-order scattering from 
the E2g phonon of sp
2
 carbon atoms (Rattana et al., 2012). The band at 300 
cm
-1
 - 400 cm
-1  
for the nanohybrids can be assigned to the presence of ZnO 
crystals (Ameen et al., 2013). In the nanohybrid spectrum (Fig. 6.5); one big 
band is showing in the range of 250 - 450 cm
-1
. This position of the broad peak 
is typical of ZnO. The lack of a dominating peak in this area of the spectrum 
shows that there is no clear morphology of the ZnO crystallised on the GO 
(Pant et al., 2013) (i.e., there was random crystallization).  
The change in intensity of the D and G gap between the GO and the ZnO-GO, 
can be attributed to the presence of ZnO on the surface of the GO sheets and a 
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small red shift of 6 cm
-1 
in the bands.  A change in the ratio of the intensities can 
indicate a change in the amount of graphitisation or the presence of sp
2
- 
domains (Wang et al., 2011). From the Raman spectrum, it may be concluded 
that GO and GO-ZnO was synthesised. 
 
Figure 6.5: Raman spectrum for GO and GO-ZnO. 
6.3.2 Membrane characterisation 
6.3.2.1 Contact angle measurements and determination of surface 
tension components 
The SCPI PES membranes with and without PVP gave relatively high water 
contact angles, and thus were relatively hydrophobic (Fig. 6.6A). The average 
contact angle before modification with GO-ZnO was 70°. Contact angles for 
SCPI PES membranes decreased slightly with increasing GO-ZnO 
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concentration. However, there was no clear effect of the addition of GO-ZnO on 
contact angles of SCPI PES/PVP membranes. This is contrary to literature 
reports which have shown decrease in membrane contact angle with addition of 
polyvinylpyrrolidone (Malek et al., 2012; Basri et al., 2011; Vatsha et al., 2014). 
However, Vatsha et al. (2014) have shown that membranes with PVP 
concentration higher than 4% (wt%) have contact angles similar to those of 
membranes without PVP but no explanation for this behaviour was given.  
Figure 6.5B shows water contact angles of DCPI membranes. The bare DCPI 
PES and DCPI PES/PVP membranes were shown to have more or less the 
same contact angles (Fig. 6.6B). The membranes were hydrophobic with 
average contact angles of 75
o
. Upon modification with GO-ZnO blend, the 
contact angles of the membranes decreased with increasing concentration of 
GO-ZnO. There was a more significant decrease in contact angles for DCPI 
PES/PVP membranes than that observed in DCPI PES membranes (Fig. 6.6B). 
This shows that PVP also improved the hydrophilicity of membranes as 
observed by other researchers (Ganesh et al., 2013; Lee et al., 2013; Shen et 
al., 2012; Wu et al., 2014; Zhang et al., 2014).  
The decrease in contact angles with increasing nanoparticles concentration 
agrees with literature reports (Ganesh et al., 2013; Lee et al., 2013; Shen et al., 
2012; Wu et al., 2014; Zhang et al., 2014). However, the small change in 
contact angle upon addition of GO-ZnO for the SCPI PES/PVP membranes 
shows that the nanohybrid GO-ZnO was not uniformly distributed on the 
membrane surface. It is apparent that the DCPI membranes had much more 
reproducible contact angles (i.e. the standard deviation was low), contrary to the 
SCPI membranes (see Fig. 6.6A and Fig. 6.6B) showing that membrane 
properties are influenced by the synthesis method used. 
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Figure 6.6: Pure water contact angles: A- SCPI PES and PES/PVP membranes 
and B-DCPI PES and PES/PVP membranes. 
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Tables 6.4 and 6.5 give contact angles of SCPI and DCPI membranes, 
respectively. From the contact angles, membrane surface tension components 
were computed. 
Table 6.4: Contact angles of SCPI membranes at 95% confidence interval (  = 
30). 
 
Contact angle (
o
) 
Water Diiodomethane Glycerol 
PES 69 ± 2.5 30 ± 1.8 53 ± 2.5 
PES + 0.0125% GO ZnO 64 ± 2.1 27 ± 2.1 55 ± 3.6 
PES + 0.05% GO ZnO 61 ± 2.1 23 ± 1.4 48 ± 3.2 
PES + 0.2% GO ZnO 58 ± 2.5 34 ± 2.1 56 ± 2.9 
 
 
  
PES PVP 69 ± 1.8 35 ± 1.8 65 ± 2.1 
PES PVP + 0.0125% GO ZnO 70 ± 1.7 27 ± 1.9 62 ± 1.9 
PES PVP + 0.05% GO ZnO 70 ± 1.9 35 ± 2.4 66 ± 1.8 
PES PVP + 0.2% GO ZnO 68 ± 1.8 40 ± 1.8 60 ± 1.7 
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Table 6.5: Contact angles of DCPI membranes at 95% confidence interval (  = 
30). 
 
Contact angle (
o
) 
Water Diiodomethane Glycerol 
PES 76 ± 0.9 65 ± 0.9 36 ± 0.5 
PES + 0.0125% GO ZnO 72 ± 0.3 59 ± 0.8 29 ± 0.4 
PES + 0.025% GO ZnO 69 ± 0.6 60 ± 0.9 26 ± 0.3 
PES + 0.05% GO ZnO 69 ± 0.5 66 ± 0.7 31 ± 0.4 
PES + 0.2% GO ZnO 68 ± 0.5 63 ± 0.9 30 ± 0.5 
 
 
  
PES PVP 77 ± 0.5 60 ± 0.8 27 ± 0.3 
PES PVP + 0.0125% GO ZnO 75 ± 0.5 67 ± 0.9 34 ± 0.4 
PES PVP + 0.025% GO ZnO 71 ± 0.6 63 ± 0.9 30 ± 0.4 
PES PVP + 0.05% GO ZnO 61 ± 0.3 63 ± 0.8 25 ± 0.3 
PES PVP + 0.2% GO ZnO 56 ± 0.8 70 ± 1.1 25 ± 0.4 
 
Surface tension components of SCPI and DCPI membranes are shown in Table 
6.6 and Table 6.7 respectively. For all the membranes (regardless of synthesis 
method used), the total surface tension component (      ) is dominated by 
Lifshitz-van der Waals components (   ). This shows that dispersive, non-polar 
components play a major role in adhesion of molecules on the membrane 
surface for these membranes. For each membrane (regardless of the synthesis 
method used), the Lewis base or electron donor component (  ) is higher than 
the counterpart Lewis acid or electron acceptor component (  ).  
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Table 6.6: Surface tension components of SCPI membranes at 95% confidence 
interval (  = 30). 
SCPI membranes Surface tension components (mJ/m
2
) 
               
PES 44 ± 2.5 0.9 ± 0.1 7 ± 0.7 49 ± 2.8 
PES + 0.0125% GO-ZnO 45 ± 2.9 0.2 ± 0 13 ± 1.1 49 ± 2.9 
PES + 0.05% GO-ZnO 47 ± 2.9 0.8 ± 0.1 12 ± 0.7 52 ± 2.8 
PES + 0.2% GO-ZnO 42 ± 2.5 0.2 ± 0.1 22 ± 2.1 45 ± 3.2 
     
PES/PVP 42 ± 2.5 0.0 10 ± 1.1 42 ± 2.5 
PES/PVP+0.0125% GO-ZnO 45 ± 2.9 0.2 ± 0.1 11 ± 0.7 46 ± 2.9 
PES/PVP + 0.05% GO-ZnO 42 ± 2.5 0.0 13 ± 1.1 42 ± 3.2 
PES/PVP + 0.2% GO-ZnO 40 ± 2.1 0.3 ± 0.1 12 ± 0.8 44 ± 2.9 
 
Table 6.7: Surface tension components of DCPI membranes at 95% confidence 
interval (  = 30). 
SCPI membranes Surface tension components (mJ/m
2
) 
                 
PES 41 ± 1.1 0.1 ± 0.1 6.9 ± 0.7 43 ± 1.4 
PES + 0.0125% GO-ZnO 45 ± 1.4 0.3 ± 0.1 7 ± 0.4 48 ± 2.5 
PES + 0.025% GO-ZnO 46 ± 0.7 0.1 ± 0.1 10 ± 0.7 47 ± 1.8 
PES + 0.05% GO-ZnO 43 ± 1.4 0.0 13 ± 0.8 43 ± 1.1 
PES + 0.2% GO-ZnO 39 ± 1.1 0.0 22 ± 1.4 39 ± 2.1 
     
PES/PVP 45 ± 2.1 0.4 ± 0.2 4 ± 0.4 48 ± 1.8 
PES/PVP + 0.0125% GO-ZnO 42 ± 1.1 0.0 7 ± 0.7 43 ± 1.4 
PES/PVP + 0.025% GO-ZnO 44 ± 1.4 0.0 10 ± 0.8 45 ± 1.8 
PES/PVP + 0.05% GO-ZnO 46 ± 1.1 0.2 ± 0.1 3 ± 0.4 48 ± 1.1 
PES/PVP + 0.2% GO-ZnO 38 ± 0.7 0.0 32 ± 0.7 39 ± 1.9 
 
6.3.2.2 FT-IR analysis 
Figure 6.7 shows FTIR spectra of nanomaterials and membranes. The following 
peaks are clearly observable: 3450cm
-1
 (O-H vibrations, 1000 cm
-1
 (O-H 
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stretching), 1600 cm
-1
 and 1750 (C=O bonds) for GO (Fig. 6.7A). The GO-ZnO 
influences the FTIR spectra possibly by reflecting the light beam. FTIR 
spectrum of SCPI and DCPI membranes were the same due to similar 
compositions of the membranes. Therefore, only spectra of SCPI will be shown 
(Fig. 6.7B). The PES structure has a benzene ring, an ether bond and a sulfone 
structure. The peak at 3 097 cm
-1
 (Fig. 6.7B) is attributed to C-H stretching of 
the benzene ring. This peak has also been observed by Qu et al. (2010) (Qu et 
al., 2010). The peaks between 1 400 cm
-1
 and 1 600 cm
-1
 were due to skeletal 
vibration. Broad peaks in the region between 3 200 cm
-1
 and 3 700 cm
-1
 were 
observable for SCPI PES/PVP membranes. These peaks were due to O-H 
stretching of surface functional groups, which include tertiary alcohols, phenolic 
groups as well as carboxylic groups (Ganesh et al., 2013). 
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Figure 6.7: FT-IR Spectra of nanoparticles and membranes: A-nanoparticles; 
B-PES and PES/PVP membranes. 
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6.3.2.3 SEM  
SEM images of SCPI PES and SCPI PES/PVP membranes are shown in Fig. 
6.8. For all the images, the membranes have finger-like microvoids as internal 
structures. Pores for the SCPI membranes are not uniform (regardless of the 
addition of PVP). 
 
 
Figure 6.8: Scanning electrode micrographs of SCPI PES and PES/PVP 
membranes: A – PES; B – PES + 0.2% GO-ZnO; C – PES/PVP; and D – 
PES/PVP + 0.2% GO-ZnO. 
Figure 6.9 shows SEM micrographs of DCPI PES and DCPI PES/PVP 
membranes. The following observations were made from the micrographs: 1) 
DCPI PES membranes had more uniform pores than DCPI PES/PVP 
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membranes and 2) for all membranes, only one dense layer was discernible 
showing perfect adhesion of layers formed by solution A and solution B.  
 
Figure 6.9: Scanning electrode micrographs of DCPI PES and DCPI PES/PVP 
membranes: A – DCPI PES; B – DPCI PES + 0.2% GO-ZnO; C – DCPI 
PES/PVP; and D – DCPI PES/PVP + 0.2% GO-ZnO. 
The uniform pores for DCPI membranes show that macrovoids were not formed 
due to double casting.  Therefore, DCPI membranes are expected to have more 
reproducible results than SCPI membranes. Comparing SEM images for SCPI 
membranes to those of DCPI membranes, it was observed that pores for DCPI 
membranes were more uniform compared to those of SCPI membranes. 
Apparently, the nanoparticles did seem to have an effect on the pore formation 
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in the support. This observation further illustrates the influence of the membrane 
synthesis technique on membrane properties. 
6.3.2.4 Pure water permeability & salt rejection 
Pure water permeability 
SCPI GO-ZnO/PES and SCPI GO-ZnO/PES/PVP membranes had pure water 
permeability (PWP) values lower than similar membranes without GO-ZnO (Fig. 
6.10A). Also, the permeability (especially for SCPI PES/PVP membranes) 
varied substantially for the same membrane type (i.e. the standard deviations 
were high). Comparing the bare SCPI PES membrane with the bare SCPI 
PES/PVP membrane, it is evident that the addition of PVP increased membrane 
fluxes by enhancing pore formation (see Fig. 6.10A). 
Generally, the bare DCPI PES/PVP membrane was observed to have higher 
fluxes compared to the bare DCPI PES membrane (Fig. 6.10B). There was 
clearly an increase in pure water permeability with increasing GO-ZnO 
concentration for the DCPI PES membranes. However, at 0.05% GO-ZnO 
concentration, the permeability of the DCPI PES membranes declined to levels 
lower than that of the bare DCPI PES membrane. Pure water fluxes for the bare 
DCPI PES/PVP membrane decreased upon addition of GO-ZnO nanohybrid 
(Fig. 6.10B). However, with increasing GO-ZnO concentration, the permeability 
of the membrane increased again to be almost similar to the bare PES/PVP 
membrane at 0.2% GO-ZnO concentration. 
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Figure 6.10: Pure water permeability: A-SCPI PES and SCPI PES/PVP 
membranes; B-DCPI PES and DCPI PES/PVP membranes. 
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The decrease in PWP for SCPI PES membranes with GO-ZnO contradict with 
literature reports where an increase in PWP was observed with increasing 
nanoparticle concentration (Lee et al., 2013; Mahlambi et al., 2014; Shen et al., 
2012; Wu et al., 2014). Some researchers have attributed the decrease in PWP 
of PES membranes upon addition of nanoparticles to pore blocking, increases 
in solution viscosity and decreases in membrane porosity at higher nanoparticle 
concentrations (Lee et al., 2013; Mahlambi et al., 2014; Ng et al., 2013; Shen et 
al., 2012; Wu et al., 2014). For DCPI membranes PWP increased with 
nanoparticle concentration according to literature reports. However, a decrease 
in PWP at higher nanoparticles concentrations has been reported in literature 
(Shen et al., 2012). This was mainly attributed to the increase in viscosity of the 
casting solution with increasing nanoparticles concentration. The initial 
decrease in PWP for the DCPI PES/PVP membrane upon addition of 0.0125% 
GO-ZnO was attributed to the absence of PVP in the second casting solution 
(see Table 6.2). It is therefore confirmed that the addition of GO-ZnO increased 
water permeability for DCPI PES membranes. However, lower fluxes may be 
obtained (especially for PES membranes without PVP) due to pore blocking at 
higher GO-ZnO concentrations. For DCPI PES/PVP membranes, nanoparticles 
only cover a faction of the membrane and therefore no decrease in PWP for the 
concentration investigated. 
Salt rejection 
Salt rejection values for the SCPI and DCPI membranes are shown in Fig. 
6.11A and Fig. 6.11B, respectively. Salt rejection increased with nanoparticle 
concentration for all membranes except for DCPI PES membranes (Fig. 6.11B). 
All membranes poorly rejected salts. This makes them suitable for low energy 
wastewater reuse where the removal of trace organics would be targeted. 
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Figure 6.11: Salt rejection: A-SCPI membranes; B-DCPI membranes 
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6.3.3 Trace organic rejection 
As mentioned before, trace organic rejection values presented in this work may 
be influenced by temporal adsorption of trace organics onto the membrane 
surfaces due to shorter equilibration time. 
6.3.3.1 Trace organic rejection as a function of solute size 
Trace organic rejection values are shown for the different membrane types in 
Fig. 6.12 and Fig. 6.13. To investigate whether trace organic compound (trace 
organic) rejection was due to size exclusion, the rejection of trace organics was 
arranged in order of increasing molecular weight or molecular weight. There 
was no clear trend on rejection of trace organics based on molecular weight 
(Fig. 6.12 and Fig. 6.12), showing that other factors are at play in trace organic 
rejection (Bruggen et al., 1999). The relationship between trace organic 
rejection and solute size was not clear due to the wide variation in solute radius 
(  ) and membrane pore radius (  ). Longer-term experiments need to be done 
to investigate whether trace organic removal by these membranes is due to 
sorption or steric hindrance. When trace organic rejection by PES membranes 
was compared to that of PES/PVP membranes (for each membrane type), it 
was noted that PES membranes rejected more trace organics. There was no 
noticeable effect of the addition of GO-ZnO on trace organic rejection by the 
SCPI membranes as some trace organics were rejected better while others 
were poorly rejected (Fig. 6.12). Unlike SCPI membranes, the addition of GO-
ZnO mostly resulted in improvement in rejection of trace organics for the DCPI 
membranes (Fig. 6.13). 
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Figure 6.12: Rejection of trace organics arranged in order of increasing solute 
size: A – SCPI PES membrane; B – SCPI PES/PVP membranes. 
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Figure 6.13: Rejection of trace organics as a function of molecular weight. 
Trace organics are arranged in order of increasing molecular weight: A – DCPI 
PES membranes; B – DCPI PES/PVP membranes. 
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The results (of no increase in trace organic rejection with solute molecular 
weight) contradict with observations made in previous studies which have 
shown increasing rejection of trace organics with increasing molecular weight 
for different high pressure membranes (Bruggen et al., 1999; Kiso et al., 2000, 
2001; Nghiem et al., 2002; Nghiem et al., 2004; Schäfer et al., 2003). However, 
this does not mean sieving effects are not playing a role in trace organic 
rejection by these membranes. The higher trace organic rejection for 
membranes without PVP compared to those with PVP was due to their smaller 
pores of PES membranes which hindered trace organic passage. 
The rejection of trace organics is also influenced by membrane-solute charge 
interactions as well as solute hydrophobicity. The influences of these effects are 
shown in Fig. 6.14 – Fig. 6.15 and Fig. 6.16 – Fig. 6.17. From the results there 
was no clear relationship between trace organics rejection and trace organic 
charge. An increase in trace organic rejection with increasing solute 
hydrophobicity (presented as trace organic log D) was noted (Fig. 6.17C and 
Fig. 6.17D). This can be attributed to temporal adsorption of trace organics on 
the membrane surface due to the short equilibration time used. Zeta potentials 
for the novel membranes were not quantified making it hard to account for the 
non-existence of a clear trend with trace organic charge. Generally, 
hydrophobic membranes adsorb more trace organics compared to hydrophilic 
membranes. When the membrane surfaces become saturated with trace 
organics, trace organics diffuse through the membrane to the permeate side 
leading to lower rejection. Modifying PES membranes with GO-ZnO made them 
more hydrophilic thereby reducing membrane-trace organic hydrophobic 
interactions and increasing trace organic rejection. 
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Figure 6.14: Rejection of trace organic solutes as a function of solute charge: 
A–SCPI PES membranes; B – SCPI PES/PVP membranes. 
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Figure 6.15: Rejection of trace organic solutes as a function of solute charge: 
A–DCPI PES membranes; B – DCPI PES/PVP membranes. 
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Figure 6.16: Trace organic rejection as a function of log D: A–SCPI PES 
membranes; B–SCPI PES/PVP membranes. 
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Figure 6.17: Trace organic rejection as a function of log D: A–DCPI PES 
membranes; B–DCPI PES/PVP membranes. 
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In this study PES membranes were modified with nanoparticles with the hope of 
improving trace organic rejection by making non-electrostatic membrane-trace 
organic interactions repulsive. Therefore only the influence of non-electrostatic 
membrane-solute affinity on trace organic rejection will be investigated. 
6.3.3.2 Trace organic rejection as a function of membrane-solute 
interaction energies 
Generally, membrane-solute interaction energies and affinity may promote or 
restrict trace organic passage through the membrane and therefore overall 
rejection. Attractive membrane-solute interactions (negative      ) facilitate 
partitioning of trace organics through the membrane to the permeate side 
leading to lower rejections. Repulsive interactions (positive      ) have the 
opposite effect.  
It has been shown in the literature that the rejection of trace organics is largely 
influenced by non-electrostatic membrane-solute  interactions (Braeken et al., 
2005; Schäfer et al., 2002; Verliefde et al., 2009). However,  to date, there are 
only a couple of studies that have quantified membrane-trace organic 
interaction energies and related them to solute rejection (Chapter 4 and 5 of this 
thesis and Verliefde, 2008). Therefore, this section aims at quantifying these 
interactions and relate them to trace organic rejection.  To filter out the effects of 
charge interactions, only the data for the neutral trace organics are shown. 
Figure 6.18 and 6.19 show trace organic rejection as a function of membrane-
trace organic interaction energies for neutral trace organics. The solutes are: 
carbamazepine, sulfamethoxazole, hydrochlorothiazide and primidone. The 
addition of GO-ZnO did not make membrane-solute interactions more repulsive 
for the SCPI membranes (Fig. 6.18A and Fig. 6.18B) and therefore, no 
noticeable increase in rejection was observed. However, the effect of the 
addition of GO-ZnO was clearly observable for the DCPI membranes (Fig. 
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6.19A and Fig. 6.19B). With the addition of GO-ZnO, membrane-trace organic 
affinity interactions became more repulsive thereby increasing trace organic 
rejection. The effect of GO-ZnO was especially apparent for DCPI PES/PVP 
membranes (see Fig. 6.19B) because the nanoparticles are exposed more on 
the membrane surface compared to SCPI membranes. With repulsive 
membrane-trace organic interactions, the partitioning of trace organics into the 
membrane is reduced. Therefore, DCPI membranes rejected more trace 
organics than SCPI membranes because the nanohybrid GO-ZnO was exposed 
more on the surface of the DCPI membranes. Therefore, DCPI membranes 
may be suitable for application in treatment of real wastewater polluted with 
trace organic compounds compared to SCPI membranes. 
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Figure 6.18: Trace organic rejection as a function of membrane-solute 
interaction energies: A - SCPI PES membranes; B - SCPI PES/PVP 
membranes. 
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Figure 6.19: Trace organic rejection as a function of membrane-trace organic 
interaction energies: A – DCPI PES membranes; B – DCPI PES/PVP 
membranes. 
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6.3.4 Alginate fouling 
Figures 6.20 and 6.21 shows flux profiles for the SCPI and DCPI membranes 
fouled with 50 mg/l alginate over a period of 6 hours. A severe flux decline was 
observed in the bare membranes (except for the bared SCPI PES membrane, 
Fig. 6.20A). However, fouling decreased with increasing concentration of GO-
ZnO for all membrane types (regardless of synthesis method used, Fig. 6.20 
and Fig. 6.21). This was due to a decrease in hydrophobicity of the membranes 
and reduced affinity of the foulants for the membrane surfaces (Shen et al., 
2012; Wu et al., 2014; Zhang et al., 2014).  
From the graphs (Fig. 6.20 and Fig. 6.21) it is noticed that the PES/PVP 
membranes fouled more than PES membranes. This was attributed to the 
higher fluxes (pure water permeability) of the PES/PVP membranes. Also, it 
was noted (for all membrane types) that the flux declined more within the first 
hour of fouling where fouling was due to membrane-alginate affinity interactions. 
To investigate the role of membrane-foulant interactions on rejection, 
membrane-foulant affinity interactions were computed and related to initial 
fouling rates (see section 6.3.5). 
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Figure 6.20: Organic fouling propensity of membranes: A – SCPI PES 
membranes; B – SCPI PES/PVP membranes. 
0 
0.2 
0.4 
0.6 
0.8 
1 
0 1 2 3 4 
J/
J 0
 (-
) 
Time (h) 
PES PES + 0.0125% GOZnO 
PES + 0.05% GOZnO PES + 0.2% GOZnO A 
0 
0.2 
0.4 
0.6 
0.8 
1 
0 1 2 3 4 
J/
J 0
 (
-)
 
Time (h) 
PES/PVP PES/PVP + 0.0125% GO-ZnO 
PES/PVP + 0.05% GO-ZnO PES/PVP + 0.2% GO-ZnO 
B 
Chapter 6: Novel energy-efficient GO-ZnO/PES membranes for wastewater 
reclamation 
 
205 
 
 
Figure 6.21: Organic fouling propensity of DCPI membranes: A – DCPI PES 
membranes; B – DCPI PES/PVP membranes. 
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6.3.5 Relating fouling to membrane-alginate affinity interactions 
Generally, the interactions between the membranes and alginate were attractive 
(i.e.       was negative) for all membrane types (see Tables 6.8 and 6.9). 
However, the interactions became less attractive with increasing nanohybrid 
concentration, hence the decline in membrane fouling observed in section 6.3.4. 
  
 
Table 6.8: Membrane-alginate interfacial free energies of interaction for SCPI membranes. The results are presented at 95% 
confidence interval for   = 30. 
PES membranes       (x10
-18
 mJ/m
2
) PES/PVP membranes       (x10
-18
 mJ/m
2
) 
PES -29.5 ± 0.5 PES/PVP -39.1 ± 0.7 
PES + 0.0125% GO-ZnO -15.1 ± 0.3 PES/PVP + 0.0125% GO-ZnO -15.9 ± 0.4 
PES + 0.05% GO-ZnO -12.8 ± 0.2 PES/PVP + 0.05% GO-ZnO -11.3 ± 0.3 
PES + 0.2% GO-ZnO -2.4 ± 0.1 PES/PVP + 0.2% GO-ZnO -8.5 ± 0.3 
  
Table 6.9: Membrane-alginate interfacial free energies of interaction for DCPI PES/PVP membranes at 95% confidence interval (  
= 30). 
PES membranes       (x10
-18
 mJ/m
2
) PES/PVP membranes       (x10
-18
 mJ/m
2
) 
PES -34.9 ± 0.6 PES/PVP -43.2 ± 0.8 
PES + 0.0125% GO-ZnO -33.7 ± 0.8 PES/PVP + 0.0125% GO-ZnO -33.7 ± 0.8 
PES + 0.025% GO-ZnO -30.8 ± 0.5 PES/PVP + 0.025% GO-ZnO -31.1 ± 0.5 
PES + 0.05% GO-ZnO -26.8 ± 0.6 PES/PVP + 0.05% GO-ZnO -19.5 ± 0.6 
PES + 0.2% GO-ZnO -22.5 ± 0.6 PES/PVP + 0.2% GO-ZnO -13.8 ± 0.4 
 
  
 
Figure 6.22 shows initial membrane fouling rates plotted against membrane-
alginate interaction energies. Fouling rates decreased with reduction in alginate 
affinity for the membrane surface (except for the bare SCPI PES membrane). 
Therefore, it is concluded that the decrease in fouling for membranes with 
nanoparticles was due to reduction in attractive non-electrostatic membrane-
alginate interactions. 
 
 
Figure 6.22: Initial membrane fouling rates plotted against membrane-alginate 
interaction energies for SCPI and DCPI membranes. 
6.3.6 Comparison between novel membranes and commercial 
nanofiltration membranes (NF-270) 
6.3.6.1 Water fluxes and permeability 
At similar experimental conditions (applied pressure and cross-flow velocity), 
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membranes) have higher pure water permeability compared to commercial NF-
270 membrane. For example at 6 bar the water permeability was as follows: 
10.46 ± 0.64 l/m
2
hbar for NF 270 (Chapter 4), 15.79 ± 1.15 l/m
2
hbar for the 
DCPI PES + 0.025% GO-ZnO and 13.51 ± 0.59 l/m
2
hbar for the DCPI PES/PVP 
+ 0.2% GO-ZnO. Commercial NF-270 membranes and DCPI PES membranes 
have reproducible test results in terms of flux while novel SCPI membranes 
have inconsistent flux results. For these test results, the novel membranes can 
thus be labelled energy efficient compared to the commercial membranes. 
However, DCPI membranes cannot be applied at pressured higher than 7 bar 
because they tend to rupture. 
6.3.6.2 Trace organic rejection 
The rejection of trace organics by novel membranes compared favourably with 
that obtained using the commercial NF-270 membrane (especially the DCPI 
membranes). It was found that some of the compounds were highly rejected by 
the novel membranes and NF-270 membranes while others were poorly 
rejected by both membrane types. For example on average NF-270 membranes 
rejected 78 ± 18% trace organics while the following average rejections were 
noted for novel DCPI membranes: 40 ± 25% (for DCPI PES membranes); 38 ± 
27 (for DCPI PES+0.0125% GO-ZnO membrane); 74 ± 23% (for DCPI 
PES+0.025% GO-ZnO); 77 ± 18% (for DCPI PES+0.05% GO-ZnO membranes) 
and 74 ± 18% (for DCPI PES+0.2% GO-ZnO). It has to be noted that there are 
some limitations in this study. A shorter equilibration time was used when 
evaluating trace organic rejection by the novel PES membranes. The measured 
rejection values are likely to be due to sorption of trace organics on the 
membrane surfaces. Therefore, long term rejection studies are needed for 
these membranes. In addition, trace rejection values for the novel membranes 
was not corrected for flux. 
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6.3.6.3 Organic fouling behaviour 
The novel membranes were more resistant to fouling by alginate compared to 
the NF-270 membrane. The flux decline rate for fouling with 50 mg/l alginate 
was as follows: 25% for the NF-270 membrane; 9% for the DCPI PES + 0.2% 
GO-ZnO membrane; and 5% for the DCPI PES/PVP + 0.2% GO-ZnO 
membrane. The lower flux decline rate for the novel membranes upon fouling 
was due to the reduction in membrane-alginate attractive interactions (     ) 
(especially for the DCPI PES/PVP membranes). For the NF-270 membrane, 
      was -24.71 x10
-18
 mJ/m
2
, -22.49 x10
-18
 mJ/m
2
 for the DCPI PES + 0.2% 
GO-ZnO and -13.79 x10
-18
 mJ/m
2
 for the DCPI PES/PVP + 0.2% GO-ZnO 
membrane. The novel membranes may be suitable for treatment of feed with 
organic foulants if constant fluxes are required over time. Although, the novel 
membranes foul lesser compared to the commercial membrane, the effect of 
fouling on trace organic rejection has not been. This needs to be evaluated so 
that comparisons can be made between the membranes. 
6.4 Conclusions 
This work has shown that PES membranes can be synthesised using a one-
step single-casting phase inversion (SCPI) and two-step double-casting phase 
inversion (DCPI) techniques. From characterisation and filtration results, the 
following conclusions can be made: 1) DCPI method produced membranes with 
reproducible results compared to membranes synthesised using the SCPI 
approach; 2) DCPI membranes had higher fluxes and rejected more trace 
organic compounds (trace organics) than SCPI membranes; 3) DCPI 
membranes were less prone to flux decline due to organic fouling compared to 
SCPI membranes; and 4) membrane properties and performance are 
influenced by the synthesis method used. 
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When commercial NF-270 membranes were compared to novel PES 
membranes (especially DCPI membranes) at similar experimental conditions, 
the following observations were made: 1) novel PES membranes have higher 
fluxes than NF-270 membranes and 2) novel PES membranes suffer less flux 
decline due to alginate fouling. 
 
  
 
CHAPTER 7:  
CONCLUSIONS AND RECOMMENDATIONS 
 
7.1 General conclusions 
One of the objectives of the thesis was to investigate if synergistic effects (in 
combined fouling) are controlled by organic-colloidal concentration ratio; study 
the effects of calcium concentration on fouling (organic, colloidal and combined 
fouling) and investigate combined fouling mechanisms using novel sequential 
fouling experiments (Chapter 3). The following observations and conclusions 
were made from the study: 1) the extent of flux decline in combined fouling was 
controlled by organic-colloid concentration ratio and the type of foulants used. 
This shows that synergistic effects may be observed in combined fouling or not 
depending on the foulant type and the concentration ratio of organics to colloids 
in the feed; 2) fouling increased with calcium concentration up to a limit. When 
the calcium concentration reached a certain limit (depending on the type of 
foulant), less fouling occurred due to formation of large aggregates with low 
hydraulic resistance. It is therefore important to mention the calcium 
concentration when discussing the effect of calcium on fouling; 3) initial fouling 
was controlled by non-electrostatic membrane-foulant affinity interactions. 
Although electrostatic membrane-foulant interactions were repulsive (except for 
membrane-Al2O3 interactions), fouling occurred due to high affinity of foulants 
for the membrane surface and high permeation drag force. However, colloid-
organic affinity interactions did not play a role in combined fouling and organics 
penetrated in the colloid cake layer leading to enhanced fouling in combined 
fouling. Later fouling (in individual fouling) was controlled by non-electrostatic 
organic-organic or colloid-colloid interactions. These interactions were attractive 
for all foulants.  
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These fouling results show that membranes applied in real water treatment can 
be fouled organic and colloidal foulants as well as their combinations when 
filtration is done under high fluxes. Based on the study results (presented in 
chapter 3), membrane fouling can be predicted if membrane and foulant 
interaction energies (computed from Lifshitz-van der Waals and acid base 
surface tension components) are known. It may therefore be advised that real 
water samples and membranes are characterized so that fouling can be 
predicted. Feed characteristics may be useful in designing anti-fouling 
strategies. In addition, the best membrane type to use for water treatment can 
be chosen.  
This thesis also sought to investigate trace organic compound (trace organic) 
transport in nanofiltration (NF) (Chapter 4,5). The major objectives were to 
quantify the influence of other factors such as size exclusion, flux effects, 
electrostatic and non-electrostatic membrane-solute affinity interactions and 
cake-enhanced concentration polarisation effects on rejection of trace organics 
by fouled NF membranes. The aim was to unlock the major parameters that 
explain both the increase and decrease in rejection by fouled membranes.  
For the virgin membrane, trace organics were rejected through sieving 
mechanisms and repulsive membrane-trace organic interactions. These 
interactions were modified upon fouling thereby altering the rejection trend. 
Fouling influenced trace organic rejection in various ways. When rejection for 
the fouled membranes was compared to that of the virgin membrane at similar 
fluxes the following observations were made: 1) some trace organics were 
rejected as predicted by the solution-diffusion model for the virgin membrane 
showing that rejection was influenced by flux effects. According to the solution-
diffusion model, solute rejection increases with permeate flux because the 
solvent has a dilution effect; 2) some trace organic compounds were rejected 
more by the fouled membranes compared to virgin membrane rejections at 
similar fluxes and 3) the rejection of some organics was less than that of the 
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virgin membrane. Increase in trace organics rejection was due to improvement 
steric hindrance and electrostatic membrane-solute repulsive interactions, while 
the increase in non-electrostatic  membrane-trace organic affinity interactions 
(which facilitated trace organic partitioning) and cake-enhanced concentration 
polarisation effects resulted in trace organic rejections lower than that of the 
virgin membrane. Various mechanisms were found to play a role in the rejection 
of a single trace organic. It was therefore concluded that some foulants improve 
membrane performance in terms of trace organic rejection when rejection 
values for the fouled membranes are compared to that of the clean membrane 
at similar fluxes. Also cake-enhanced concentration polarisation effects may not 
be the governing parameter explaining the decline in trace organic rejection for 
fouled membranes. If trace organic rejection values for fouled membranes are 
plotted without correcting for flux, a decrease in solute rejection over time is 
noted. It is therefore important to compare solute rejection values after fouling to 
the clean membrane rejection at the same flux and also look at the effects of 
specific solute-membrane interactions on trace organic rejection. Results from 
Chapters 4 and 5 show that the rejection of trace organic compounds in 
practical water filtration will be influenced by fouling. As shown in the study, 
organic fouling decreases trace organic rejection by hindering their back-
diffusion from the membrane surface. Pre-treatment of feed water is therefore 
recommended in order to reduce organic fouling in real water filtration. 
Novel polyethersulfone (PES) membranes were synthesised using: the single 
casting phase inversion (SCPI) and double casting phase inversion (DCPI 
methods (Chapter 6).  
The fabricated membranes were compared for physico-chemical properties and 
performance. The following observations and conclusions were made: 1) the 
SCPI method did not produce novel PES and PES/PVP membranes with 
reproducible results (due to formation of random valleys) while membranes with 
consistent physico-chemical properties were produced using the DCPI 
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approach; 2) there was no clear positive effect of the addition of GO-ZnO in 
physico-chemical properties and performance of SCPI membrane. However, 
modifying PES membranes with GO-ZnO successfully resulted in noticeable 
increase in membrane hydrophilicity; 3) modifying SCPI membranes resulted in 
pure water fluxes lower than that of the un-modified membranes (due to 
blocking of pores by the nanoparticles) and trace organic rejection did not 
improve and 4) both synthesis methods produced fouling resistant membranes. 
Fouling resistance was due to reduced membrane-alginate affinity interactions. 
It was concluded that the DCPI method produced membranes with improved 
physico-chemical properties and performance. Novel DCPI membranes 
incorporated with nanoparticles may be applied in real water filtration of feed 
water with high organic matter content. Since long term filtration studies were 
not done for these membranes, it may be advised that the membranes are 
applied for filtration of feed with low trace organic content or applied as pre-
treatment step. 
7.2 Recommendations for future works 
Fouling was carried out at high permeate fluxes. High flux experiments are not 
representative of real water filtration. Future works should therefore look into 
fouling at lower fluxes to relate well with nanofiltration operation. 
The NF-270 membrane used in this study poorly rejects salt. Cake-enhanced 
concentration polarisation effects are less significant for membranes which 
poorly reject salts. Fouling mechanisms for high salt rejecting membranes may 
be different from the results presented here. Therefore, it is important to repeat 
fouling experiments with high salt rejecting membranes to compare fouling 
results to that of membrane which poorly reject salts. 
Colloidal fouling of membranes which highly reject salts is attributed to cake 
enhanced concentration polarisation effects and the cake-enhanced 
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concentration polarisation model has been used to model flux decline. Due to 
variation in physico-chemical properties of colloidal foulants, some foulant (such 
as latex) may result in flux decline due to cake compression in addition to 
possible cake-enhanced concentration polarisation effects. The current cake-
enhanced concentration polarisation models do not take into account cake 
compressibility and may therefore fail to predict cake-enhanced concentration 
polarisation effects for compressible cake layers. It is thus recommended that 
new models that incorporate cake compression for colloidal fouling are 
developed in order to compare the significance of cake-enhanced concentration 
polarisation and cake compression in fouling. 
The effect of varying organic-colloid concentration ratio has been shown to 
influence the extent of flux decline in combined fouling. However, cake layers 
have not been fully characterised for cake resistance, cake thickness and other 
cake parameters. It may be suggested that future works look at the effects of 
varying foulant concentration on cake parameters and relate this to flux decline. 
Also the effect of the addition of calcium should be investigated for varying 
organic-colloid concentration ratios. 
The influence of fouling on trace organic rejection was evaluated at constant 
applied pressure but changing permeate flux. It may be recommended that the 
influence of fouling on organic rejection is investigated for constant flux 
experiments to clearly distinguish the roles of flux and cake-enhanced 
concentration polarisation on organic solute rejection.  
Rejection of trace organic rejection by the novel PES membranes was 
evaluated over a short period. Long term filtration experiments need to be 
carried out in order to investigate long term applicability or performance of the 
membranes. 
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This study did not look at the ability of graphene oxide-zinc oxide (GO-ZnO) to 
photodegrade trace organics. It may therefore be recommended that future 
studies focus on photo degradation studies. These studies should be carried out 
with the trace organic of interest in the presence of organic and colloidal 
foulants (such as sodium alginate and latex). This will give an idea about the 
effect of the presence of foulants on the ability of the novel membranes to 
degrade trace organics. The photocatalytic activity of nanohybrid GO-ZnO PES 
membranes can also be tested by cleaning a biofouled membrane under UV 
light to see if the initial fluxes can be recovered.  
The main concern about incorporating nanoparticles in membrane synthesis, is 
their toxicity to the environment should they leach from the membrane. It may 
therefore be recommended that leaching of GO-ZnO from the membranes 
during filtration is fully investigated. 
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SUMMARY 
The use of pressure driven membrane processes (such as 
nanofiltration (NF) and reverse osmosis (RO)) has increased in recent years. 
NF/RO processes are mainly applied in production of drinking water from 
contaminated water sources such as seawater, brackish water and wastewater 
effluent. NF/RO membranes remove most emerging trace organic compounds. 
However the application of NF/RO membranes in water treatment is challenged 
by fouling. Fouling causes membrane performance decline and increases 
operational costs. Most studies have shown that fouling results in decrease in 
membrane permeate flux and also in rejection of trace organic pollutants. 
However, other studies have reported increases in rejection due to fouling. 
Although membrane fouling has been widely investigated, understanding fouling 
mechanisms is still a challenge due to variations in feed water chemistries. As a 
result, factors influencing the rejection of trace organic solutes by fouled 
membranes have not been fully characterized. 
The aim of this thesis was to synthesise and apply novel membranes 
testing for organic pollutants rejection and water permeability. Specific 
objectives were to: 1) tailor properties of NF membranes for high rejection of 
organics and low salt retention efficiency; 2) investigate solute transport 
mechanisms through NF/RO membranes taking into account the effects of 
membrane and solute parameters; 3) determine factors influencing combined 
fouling of NF membranes; 4) understand better the influence of membrane-
foulant as well as foulant-foulant interactions in fouling; ; 5) investigate the 
effects of fouling on rejection of trace organic compounds and 6) study the 
influence of membrane-solute and solute-foulant affinity on solute transport in 
virgin and fouled membranes.  
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Combined fouling mechanisms in cross-flow nanofiltration 
Organic, colloidal and combined fouling of NF membranes was 
extensively investigated in cross-flow nanofiltration. The effects of feed 
composition (such as calcium concentration, type of foulant and organic-colloid 
foulant concentration ratio) on fouling behaviour and fouling rate were studied. 
Fouling rates/trends were related to foulant zeta potential and size, as well as 
membrane zeta potential. Most importantly, fouling was also related to specific 
membrane-foulant as well as foulant-foulant affinity interactions (computed 
based on the surface tension component approach). Novel fouling experiments 
(termed sequential fouling experiments) were designed to further gain insight on 
fouling mechanisms in combined fouling. In these experiments, the membrane 
was fouled with organics and colloids (in the presence or absence of calcium) in 
alternating sequence.  
It was clear that organic, colloidal and combined fouling resulted in flux 
decline due to cake filtration and increased hydraulic resistance to permeate 
flow. Fouling was mostly aggravated in the presence of calcium due to organic-
calcium complexation which resulted in formation of dense cake layers. 
However, when the calcium concentration reached a certain limit (depending on 
the type of foulant), fouling was less severe due to formation of large 
aggregates which result in cake layers with low hydraulic resistance to 
permeate flow In combined fouling, it was found that, depending on the organic-
colloid concentration ratio, the flux may decline more than that of fouling by 
individual foulants or not. Therefore flux decline in combined fouling is not 
always due to synergistic effects of the different foulants. From the novel 
sequential fouling experiments, it was found that flux decline in combined 
fouling was due to entrapment of colloids in the organic cake layer. Initial 
membrane fouling appeared to be controlled by membrane-foulant affinity 
interactions but there was less influence of colloid-organic affinity interactions in 
combined fouling. This showed that other mechanisms played a role.  
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Effects of fouling on transport of trace organic solutes 
The effect of membrane fouling on rejection of trace organic 
compounds (trace organics) was investigated. The cake-enhanced 
concentration polarisation (CECP), the solution-diffusion model and the surface 
tension component approach were used to determine the influence of cake-
enhanced concentration polarization effects, flux effects and non-electrostatic 
membrane-solute interactions on trace organic rejection by fouled membranes. 
Carbamazepine was used as model organic trace contaminant, while sodium 
alginate (SA), latex and Al2O3 were used as model foulants. When rejection by 
a virgin membrane was compared to that of fouled membranes at similar fluxes, 
it was found that fouling by alginate + Ca
2+
, latex and Al2O3 + alginate 
(regardless of the presence of calcium) improved rejection of carbamazepine 
whereas fouling by alginate, latex + alginate and Al2O3 (all without the addition 
of calcium) lowered carbamazepine rejection. The following conclusions were 
made based on experimental results: 1) the decline in trace organic rejection for 
membranes fouled with alginate and Al2O3 was due to decrease in permeate 
flux, increase in solute affinity for the membrane surface and cake-enhanced 
concentration polarisation effects; 2) cake-enhanced concentration polarisation 
is not the only governing parameter explaining decline in trace organic rejection 
for fouled membranes 3) it is important to compare solute rejection values after 
fouling to that of the clean membrane at similar fluxes. 
Influence of membrane-solute affinity interactions on solute transport 
This study aimed at further investigating the role of various factors in 
nanofiltration rejection of a wide range of trace organic compounds by fouled 
membranes. For a virgin NF-270 membrane, membrane-solute affinity 
interactions were repulsive for all trace organics. This however does not mean 
that rejection will be complete, as there is a convective driving force of solutes 
towards the membrane surface. All the compounds were therefore rejected. 
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Upon fouling, rejection increased for some compounds (due to improvement in 
sieving mechanisms and increase in electrostatic membrane-solute repulsions), 
decreased for some compounds (due to cake-enhanced concentration 
polarisation effects and increase in non-electrostatic membrane-solute attractive 
interactions) and remained unchanged or followed rejection as predicted by the 
solution-diffusion model (showing that rejection was influenced by flux effects). 
It was concluded that various mechanisms influence the rejection of a single 
compound. 
Novel anti-fouling UF and/or NF PES membranes for wastewater 
reclamation 
Novel polyethersulfone (PES) membranes incorporated with graphene 
oxide-zinc oxide (GO-ZnO) were synthesized with the aim of improving solute 
rejection and membrane anti-fouling properties by making membrane surfaces 
hydrophilic and membrane-solute as well as membrane-foulant non-
electrostatic interactions repulsive. The membranes were synthesised following 
the single casting phase inversion (SCPI) and double casting phase inversion 
(DCPI) methods. These methods were compared for reproducibility of 
membrane properties and filtration test results.  
From the results of the SCPI and DCPI membranes, the following 
conclusions were made: 1) the DCPI method produced membranes with more 
reproducible results compared to membranes synthesised using the SCPI 
approach; 2) DCPI membranes had higher fluxes and rejected more trace 
organics than SCPI membranes and 3) DCPI membranes suffered less flux 
decline due to organic fouling compared to SCPI membranes. DCPI 
membranes are therefore a promising cost-effective technology for water and 
wastewater reclamation. 
  
 
SAMENVATTING 
 
Het gebruik van drukgedreven membraanprocessen (zoals nanofiltratie 
(NF) en omgekeerde osmose (RO)) is de laatste jaren gestegen. NF/RO 
processen worden voornamelijk toegepast bij de productie van drinkwater uit 
vervuilde waterbronnen zoals zeewater, brak water en gezuiverd afvalwater. 
NF/RO membranen verwijderen het grootste deel van de organische 
micropolluenten. De toepassing van NF/RO membranen voor waterbehandeling 
gaat echter gepaard met vervuiling. Vervuiling zorgt er voor dat de 
membraanperformantie achteruit gaat en de operationele kosten stijgen. De 
meeste studies tonen aan dat vervuiling resulteert in een daling van de 
permeaatflux en van de retentie van organische micropolluenten. Andere 
studies tonen echter een stijging in de retentie van micropolluenten door 
vervuiling. Hoewel membraanvervuiling al zeer uitgebreid bestudeerd werd, is 
het begrijpen van de vervuilingsmechanismen nog steeds een uitdaging door de 
variaties in samenstelling van de voedingswaters. Hierdoor werden de factoren 
die de retentie van organische micropolluenten door vervuilde membranen 
beïnvloeden nog niet volledig ontrafelt. 
Het doel van deze thesis was het vervaardigen en testen van nieuwe 
membranen op basis van hun retentie van organische polluenten en hun 
waterpermeabiliteit. De specifieke objectieven waren om: 1) op maat gemaakte 
NF membranen te ontwikkelen met een hoge retentie van organica en een lage 
zoutretentie; 2) de transportmechanismen van opgeloste stoffen door NF/RO 
membranen te onderzoeken met in acht name van de effecten van de 
membraan- en stofeigenschappen; 3) de factoren die gecombineerde vervuiling 
van de NF membranen beïnvloeden te bepalen; 4) de invloed van membraan-
vervuiling en vervuiling-vervuiling interacties beter te begrijpen; 5) het effect van 
vervuiling op de retentie van organische micropolluenten te onderzoeken en 6) 
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de invloed van membraan-opgeloste stof en opgeloste stof-vervuiling affiniteit 
op het transport van opgeloste stoffen in nieuwe en vervuilde membranen te 
bestuderen. 
Gecombineerde vervuilingsmechanismen bij cross-flow nanofiltratie 
 Organische, colloïdale en gecombineerde vervuiling van NF membranen 
werd uitgebreid bestudeerd bij cross-flow nanofiltratie. De effecten van de 
voedingssamenstelling (zoals de calciumconcentratie, aard van de vervuiling en 
organische-colloïdale concentratieratio) op vervuilingsgedrag en –snelheid 
werden bestudeerd. Vervuilingssnelheid en –trends werden gerelateerd aan de 
zeta-potentiaal en grootte van de polluent, en aan de zeta-potentiaal van het 
membraan. Vervuiling werd ook gelinkt aan specifieke membraan-polluent en 
polluent-polluent interacties (berekend op basis van de 
oppervlaktespanningscomponent benadering). Innovatieve 
vervuilingsexperimenten (sequentiële vervuilingsexperimenten genoemd) 
werden ontworpen om verder inzicht te vergaren in de vervuilingsmechanismen 
van gecombineerde vervuiling. In deze experimenten werd het membraan 
vervuild met organica en colloïden (in het bijzijn of in afwezigheid van calcium) 
in afwisselende opeenvolging. 
 Het was duidelijk dat organische, colloïdale en gecombineerde vervuiling 
resulteerde in een fluxdaling veroorzaakt door cake-filtratie en een verhoogde 
hydraulische weerstand tegen permeaatstroming. Vervuiling werd vooral 
verergerd in de aanwezigheid van calcium door organica-calcium complexering, 
die resulteerde in de vorming van dichte cakelagen. Echter, wanneer de 
calciumconcentratie een zekere limiet bereikte (afhankelijk van het type 
vervuiling) werd de vervuiling minder ernstig door de vorming van grote 
aggregaten die resulteerden in cakelagen met een lage hydraulische 
weerstand. Bij gecombineerde vervuiling bleek dat, afhankelijk van de organica-
colloïd concentratieratio, de daling in flux groter kan zijn dan bij vervuiling met 
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individuele vervuilingscomponenten of niet. Hieruit blijkt dat de daling in flux bij 
gecombineerde vervuiling niet altijd te wijten is aan synergistische effecten van 
de verschillende vervuilingscomponenten. Uit de nieuwe sequentiële 
vervuilingsexperimenten is gebleken dat de daling in flux bij gecombineerde 
vervuiling te wijten is aan de insluiting van colloïden in de organische cakelaag. 
Initiële membraanvervuiling leek gecontroleerd te worden door membraan-
polluentaffiniteit, maar er was minder invloed van colloïd-organica interacties bij 
gecombineerde vervuiling. Dit toonde aan dat andere mechanismen een rol 
spelen. 
Effecten van vervuiling op het transport van organische micropolluenten 
 Het effect van membraanvervuiling op de retentie van organische 
micropolluenten (hier micropolluenten) werd onderzocht. De ‘cake- enhanced 
concentration polarisation’ (CECP), het ‘solution-diffusion’ model en de 
oppervlaktespanningscomponent benadering werden gebruikt om de invloed 
van CECP effecten, flux effecten en niet-elektrostatische membraan-opgeloste 
stof interacties op de retentie van micropolluenten door vervuilde membranen te 
bepalen. Carbamazepine werd gebruikt als modelcomponent, terwijl 
natriumalginaat (SA), latex en Al2O3 gebruikt werden als model 
vervuilingscomponenten. Wanneer de retentie door nieuwe membranen 
vergeleken werd met die van vervuilde membranen bij vergelijkbare fluxen 
bleek dat vervuiling door alginaat + Ca
2+
, latex en Al2O3 + alginaat 
(onafhankelijk van de aanwezigheid van calcium) de retentie van 
carbamazepine verlaagde. De volgende conclusies werden gemaakt gebaseerd 
op de experimentele resultaten: 1) de daling in retentie van micropolluenten bij 
membranen vervuild met alginaat en Al2O3 werd veroorzaakt door een daling in 
permeaatflux, een stijging in affiniteit van de polluent voor het 
membraanoppervlak en door CECP effecten; 2) CECP is niet de enige 
bepalende parameter in de verklaring van de dalende retentie van 
micropolluenten door vervuilde membranen en 3) het is belangrijk om de 
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retentie van polluenten na vervuiling te vergelijken met de retentie van nieuwe 
membranen bij eenzelfde flux. 
Invloed van membraan-opgeloste stof interacties op opgeloste stof 
transport 
 Deze studie richtte zich op het verder onderzoeken van  de rol van 
verschillende factoren in de retentie van een breed gamma aan organische 
micropolluenten door vervuilde membranen in nanofiltratie. Bij een nieuw NF-
270 membraan waren de membraan-opgeloste stof affiniteitsinteracties 
afstotend voor alle micropolluenten. Dit betekent echter niet dat de retentie 
volledig is, omdat er een convectieve drijvingskracht van opgeloste stoffen naar 
het membraanoppervlak is. Alle componenten werden daarom tegengehouden. 
Na vervuiling steeg de retentie voor sommige componenten (door de 
verbetering van zeefmechanismen en de stijging in elektrostatische afstoting 
tussen het membraan en de polluent), daalde de retentie voor andere 
componenten (door CECP effecten en een stijging in niet-elektrostatische 
aantrekkende interacties tussen het membraan en de polluent) en bleef de 
retentie voor nog andere componenten hetzelfde of werd de retentie ervan 
voorspeld door het ‘solution-diffusion’ model (wat aantoont dat de retentie 
beïnvloed wordt door flux effecten). Er werd besloten dat verschillende 
mechanismen een invloed hebben op de retentie van een enkele component. 
Nieuwe anti-vervuiling UF en/of NF PES membranen voor 
afvalwaterherwinning 
 Nieuwe polyethersulfon (PES) membranen gecombineerd met 
grafeenoxide-zinkoxide (GO-ZnO) werden gemaakt met als doel het verbeteren 
van de retentie van polluenten en de anti-vervuilingseigenschappen van de 
membranen door het membraanoppervlak hydrofiel te maken en door de 
membraan-opgeloste stof en de membraan-polluent niet-elektrostatische 
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interacties afstotend te maken. De membranen werden gesynthetiseerd door 
middel van de ‘single casting phase inversion’ (SCPI) en de ‘double casting 
phase inversion’ (DCPI) methodes. Deze methodes werden vergeleken op 
basis van de reproduceerbaarheid van de membraaneigenschappen en de 
filtratie testresultaten. 
Op basis van de resultaten van de SCPI en DCPI membranen werden de 
volgende conclusies getrokken: 1) de DCPI methode produceert membranen 
met meer reproduceerbare resultaten vergeleken met de membranen 
gesynthetiseerd op basis van de SCPI aanpak; 2) DCPI membranen hadden 
een hogere flux en hogere retentie van micropolluenten dan de SCPI 
membranen; 3) DCPI membranen leden minder fluxdaling door organische 
vervuiling dan SCPI membranen. DCPI membranen zijn daarom een 
veelbelovende, kost-efficiënte technologie voor water en afvalwaterherwinning.
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